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Abstract 
Single Neuron Dynamics in Epilepsy 
Suganya Karunakaran 
Advisor: Karen Moxon PhD 
 
 
 
Epilepsy is one of the most prevalent neurological conditions affecting nearly 65 million people 
worldwide and is characterized by spontaneous seizures. Seizures in about 70% of the patients 
can be reduced by anti-epileptic drugs but the remaining patients cannot be helped by current 
therapies. Lack of effective treatments suggests a need to understand the mechanisms underlying 
both the acute (status epilepticus) and chronic phase of epilepsy.  
 In some cases, epilepsy can be caused by neurological changes triggered due to an initial 
event such as brain injury, stroke or fever resulting in continuous seizures i.e. status epilepticus 
(SE). Within a single episode of SE, seizures become less responsive to drugs due to hitherto 
unknown reasons. To address this, we recorded population of single neurons and field potentials 
from hippocampus of rats experiencing SE. Our results show distinct patterns in single neuronal 
dynamics and field potentials suggesting there may be a loss of inhibition as SE progressed 
emphasizing the need for monitoring EEGs to provide efficient treatments.  
 In the chronic phase of epilepsy, seizures are isolated and last for a short duration but can 
happen unexpectedly. Recent studies in animal models demonstrated that theta oscillations 
precede a majority of seizures and a fraction of interneurons show abnormally high firing at the 
onset of seizures. To date, in vivo long-term and transient neuronal activity associated with theta 
oscillations in epileptic animals have not been explained. To address this, we recorded and 
x 
 
analyzed populations of single neurons and field potentials during inter-seizure and pre-seizure 
theta periods in pilocarpine-treated epileptic animals. Results show that in an epileptic network 
with sustained decrease in excitability, a subset of generally unaffected interneurons with theta-
related firing is activated at the onset of seizures. This work offers the first description of 
sustained and transient changes of in vivo classifiable interneurons during the transition to 
seizure. By advancing our knowledge of seizure propagation, this information could be used to 
improve therapeutic intervention strategies. 
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Chapter 1: General Introduction 
 
 An epileptic seizure is defined as a transient occurrence of signs or symptoms due to 
abnormal excessive or synchronous neuronal activity in the brain. Acute phase of epilepsy, status 
epilepticus (SE), is a neurological state of continuous or recurrent seizures for a duration greater 
than 30 minutes with incomplete or no recovery between seizures (Gaitanis and Drislane 2003; 
Lowenstein, Bleck, and Macdonald 1999; Mitchell 2002; Varelas and Mirski 2009a). In the 
chronic phase, epilepsy is characterized by a long-term predisposition to experience spontaneous 
seizures (International League against Epilepsy, 2005).  
 About 3 million people in the United States and 65 million people worldwide have 
epilepsy and nearly 150,000 Americans develop this condition each year (CDC 2012). Seizures 
can be reduced in 70% of patients by anti-epileptic drugs (AEDs) such as benzodiazepines and 
barbiturates but these drugs have multiple side effects including memory loss and emotional 
instability. Of the remaining 30% of patients, some can get relief from seizures by surgical 
treatment, but, feasibility and success of this treatment depends on the seizure-generating regions. 
In recent years, electrical stimulation is clinically used to reduce seizure frequency (Fisher et al. 
2010; George et al. 2000) but generally results in only a 50% reduction (Jobst 2010). The lack of 
an effective treatment suggests a need to understand the mechanisms underlying epilepsy, both in 
the acute and the chronic phases. 
 The long term goal of this work is to understand the electrophysiological mechanisms 
underlying epileptogenesis and seizure initiation in order to develop more effective treatments. 
The goal of this thesis is to identify electrophysiological changes involved in the acute and 
chronic phases of epilepsy. 
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The central hypothesis of this thesis is that neuronal excitability is decreased and inhibition is 
more synchronous in both the acute and chronic phases of epilepsy. This hypothesis was tested 
with two specific aims.  
Specific aim 1(Acute phase): Identify differences in neuronal firing and synchrony 
underlying progressive state changes during status epilepticus.  
Specific aim 2 (Chronic phase): Identify differences in neuronal firing and synchrony in the 
chronic phase of epilepsy 
a) Between normal rats and epileptic rats (interictal periods) 
b) Between interictal periods and preictal periods in epileptic rats 
 Neurological changes similar to that in acute and chronic epilepsy can be reproduced in 
animals by many methods. Common models utilize drugs such as kainic acid, pilocarpine, other 
convulsants or electrical stimulation (Löscher 2002; Morimoto, Fahnestock, and Racine 2004; 
Navarro Mora et al. 2009; Varelas and Mirski 2009b). A sufficiently large or increasing dose of 
drug or stimulation is used to produce status epilepticus. Around 25% of animals experiencing 
status epilepticus have continuous neurological changes resulting in chronic epilepsy after a latent 
period of 2-3 weeks. While recording neuronal activity starting from the time of status epilepticus 
until chronic phase could yield important information about epileptogenesis, the first step and 
goal of this thesis was to understand the electrophysiology during the two phases. Therefore, we 
recorded neuronal activity during the entirety of SE (6 hours), the day after and one week post SE 
to establish the effects of SE in one batch of animals (Chapter 2). In a second batch of animals, 
we induced SE and after they exhibited chronic seizures, we implanted microwires and recorded 
neuronal activity (Chapter 3). 
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1.1 Status Epilepticus (SE) 
 SE can represent the initial manifestation or an exacerbation of a pre-existing epileptic 
condition and can be caused by stimuli such as traumatic brain injury, stroke or intense fever. 
Within a single episode, seizures become less responsive to drugs  presumably due to a 
breakdown of inhibition (Jones et al. 2002; Naylor, Liu, and Wasterlain 2005a; Treiman, Walton, 
and Kendrick 1990; Walton and Treiman 1988; Wang et al. 2009). In some cases, this initial 
isolated episode of SE and associated neurological changes lead to a delayed emergence of 
epilepsy. To treat these severe effects, new drugs that are neuroprotective against SE are required. 
To reach this goal, neuronal dynamics underlying SE should be understood. Studies using 
epidural EEGs and/or antiepileptic drugs and anatomical studies have demonstrated a progression 
of phases during SE. At the onset of SE, hyperexcitability is initiated by the excitatory action of 
the inducing drug and glutamate-mediated feed-forward mechanism (Mazarati et al. 1998; Rice 
and DeLorenzo 1999). Inhibition counteracts this hyperexcitability until seizures appear. 
Following this, GABA mediated inhibitory function may be attenuated as shown by anatomical 
studies (Naylor et al. 2005) and the continuing excitatory activity leads to periodic epileptic 
discharges in the late stages of SE (Fujikawa 1996).  Although EEGs provide good temporal 
resolution, they represent the summed activity of millions of neurons and are thus inadequate to 
explain detailed neuronal mechanisms. To date there has been only one study that looked at the 
neuronal activity until the first seizure of SE (Cymerblit-Sabba and Schiller 2010) in awake 
animals. To understand the underlying neuronal dynamics, we recorded the single neuron and 
local field potential (LFP) activity during the entire course of kainate-induced SE (Chapter 2).  
 
1.2 Chronic epilepsy 
 Isolated seizures of chronic epilepsy are not fatal and last only for 1-2 minutes. However, 
their unexpected timing causes general anxiety in patients. Identifying an early seizure detection 
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marker would enable targeted stimulation paradigms ensuring maximum efficiency and minimum 
side effects. This would be possible if we understand the neuronal mechanisms contributing to 
seizure generation and propagation. Unlike SE, isolated seizures of chronic epilepsy can be 
simulated to some degree in in-vitro preparations by using chemicals. Although these studies 
provide important insights, there are multiple limitations to this approach. In vitro preparations 
cannot entirely reproduce the inputs and state of a neuronal network as in an awake behaving 
animal. Secondly, seizure-like-events (SLEs) generated by chemicals or ion concentration 
imbalances in in-vitro slices are not spontaneous and thus it is not clear if they share the same 
mechanisms as human seizures. For these reasons, there is a need to explain the neuronal 
mechanism behind seizure generation or propagation using in vivo studies in humans or animal 
models with spontaneous seizures.  
 
Seizure generation/propagation theories 
 One of the early theories of seizure generation was unbalanced or ‘runaway’ excitation 
(Dichter and Ayala 1987; Dichter and Spencer 1969; Dichter 1997) characterized by abnormal 
depolarizing membrane potential shift resulting in bursts of action potentials in neurons and 
interictal spikes in LFP signals. It was hypothesized that failure of afterhyperpolarization 
following interictal spikes lead to their increased frequency eventually resulting in a seizure. In 
the last decade, an opposing theory of seizure propagation as being caused due to rebound 
excitation from synchronous inhibition or failure of inhibition (Schevon et al. 2009; Trevelyan et 
al. 2006; Trevelyan, Sussillo, and Yuste 2007) was proposed. Many groups have posited that low 
voltage fast activity in the gamma frequency range, a characteristic activity observed at the onset 
of human seizures, is due to synchronous inhibitory activity (Bragin et al. 2007; de Curtis and 
Gnatkovsky 2009; Wendling et al. 2002). Increased interneuron firing has also been observed at 
the onset of in-vitro seizure like events (Gnatkovsky et al. 2008a; Timofeev, Grenier, and 
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Steriade 2002; Ziburkus et al. 2006). This synchronous inhibition theory was first affirmed  in 
CA3 hippocampus in in vivo animal model recently (Grasse, Karunakaran, and Moxon 2013b). 
However, the interneuron population in the hippocampus or cortex is highly heterogeneous  
(Allen and Monyer 2015a; Freund and Buzsáki 1996; Klausberger et al. 2003; Somogyi et al. 
2014) and only around 40% of interneurons increased their firing rates at the onset of in vivo 
seizures (Grasse et al. 2013b). Single neuron studies from humans and animal models have 
observed a similar heterogeneity in neuronal firing at the onset of seizures (Babb, Wilson, and 
Isokawa-Akesson 1987; Bower and Buckmaster 2008; Truccolo et al. 2011).  
 Interestingly, a recent study on tetanus toxin model of epilepsy has shown that a majority 
of seizures are preceded by theta-associated behaviors (Sedigh-Sarvestani et al. 2014). Many 
other studies have shown presence of rhythmic EEG and unit activity in the theta frequency range 
(Butuzova and Kitchigina 2008; Kitchigina and Butuzova 2009; Kitchigina et al. 2013) prior to 
chemically induced seizures. In combination, theta associated interneuron activity might yield 
important information to identify a seizure detection marker. However, theta oscillations are 
prevalent during multiple behaviors including voluntary movements and REM sleep (Leung, 
Lopes da Silva, and Wadman 1982b; Michel Jouvet 1969b) in both normal and epileptic animals. 
To understand what is unique about preictal theta oscillations, we compared in vivo neuronal 
activity underlying preictal theta oscillations and interictal theta oscillations to similar theta 
oscillations in normal animals (Chapter 3).  
 
Theta oscillations in normal animals 
 Theta oscillations are prevalent in rodent hippocampus and are associated with many 
behaviors such as spatial navigation; REM sleep and memory processing (Bland and Vanderwolf 
1972, 1972; Buzsáki, Leung, and Vanderwolf 1983; Buzsáki 2002; Leung et al. 1982a; Michel 
Jouvet 1969a; O’Keefe and Dostrovsky 1971; Ranck 1973; Whishaw and Vanderwolf 1973). 
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Lesioning of medial-septal diagonal band complex completely abolishes theta activity (Petsche, 
Stumpf, and Gogolak 1962; Rawlins et al., 1979)  and putative pacemaker GABAergic neurons of 
the medial septum (MS) lead both hippocampal theta LFP and interneuron activity  (Borhegyi et 
al. 2004; Hangya et al. 2009) suggesting a crucial role for medial septum in the maintenance of 
theta oscillations. Neuronal activity during theta oscillations have long been studied in 
anesthetized naïve animals (Bland et al. 1996; Bland, Oddie, and Colom 1999; Colom and Bland 
1987; Colom, Ford, and Bland 1987; Dickson, Trepel, and Bland 1994; Ford, Colom, and Bland 
1989; Klausberger et al. 2003; Smythe et al. 1991; Somogyi et al. 2014). These studies showed 
that both pyramidal cells and interneurons have heterogeneous firing during theta oscillations. 
Some neurons have increased firing (theta-on), some neurons have decreased firing rates (theta-
off) and some neurons have unchanged firing rates during theta oscillations compared to non-
theta periods. Apart from changes in spike rates, neurons can also have a phase locked firing 
(phasic) or tonic firing during theta oscillations. Similar kinds of theta-related cells have been 
reported in multiple brain regions including medial septum, entorhinal cortex and hypothalamus. 
Hippocampal theta-on cells may receive excitatory cholinergic projections and theta-off cells 
receive GABAergic inhibitory projections from MS (Bland et al. 1999; Smythe et al. 1991). 
Hippocampal interneurons are particularly coherent to theta oscillations. The reason for this has 
been attributed to interneuron-specific connections from the medial septum. Toth et al (1997) did 
an elegant experiment and demonstrated that hippocampal interneurons, and not pyramidal cells, 
were inhibited by septal GABAergic activation.  Consequently, hippocampal pyramidal cells 
were disinhibited by local interneuron projections during septal stimulation similar to the times of 
theta periods. Since the heterogeneity of neuronal firing during theta could be partly due to 
variability of hippocampal interneurons, a few studies have shown subtype-specific firing during 
theta oscillations. A small subset of CA1 interneurons, with high firing rates and phase-locked 
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firing to theta oscillations were shown to strongly influence the generation of theta oscillations 
(Zhang et al. 2012).  
 Numerous recent studies have reported the in vivo firing patterns of hippocampal neurons 
during movement associated theta oscillations and REM theta oscillations. Both principal cells 
and interneurons have spatially modulated firing rates (place cells) during voluntary movements 
(Best, White, and Minai 2001; Hangya et al. 2010; Jezek et al. 2011; Lengyel, Szatmary, and Erdi 
2003; Muller, Kubie, and Ranck Jr. 1987; O’Keefe and Dostrovsky 1971; O’Keefe and Recce 
1993; Royer et al. 2012; Wallenstein and Hasselmo 1997) and their firing rates are correlated to 
velocity of movement  (Geisler et al. 2007; Lu and Bilkey 2010). Subsets of neurons in the 
hippocampus also encode for head direction and grid patterns of environment (Burgalossi et al. 
2011; Giocomo et al. 2007; Hafting et al. 2005). Most neurons in the hippocampus and entorhinal 
cortex show specific phase preference of firing during theta oscillations(Csicsvari et al. 1999; 
Czurkó et al. 2011). During traversal of place fields, this phase is shifted forward (phase 
precession) along the theta cycle (Harris et al. 2002; Lisman 2005). Theta oscillations can activate 
different cell assemblies, thereby decreasing overall pyramidal cell synchrony (Mizuseki and 
Buzsaki 2014) but strengthen the synapses of small networks of neurons since theta is optimal 
frequency to induce long term potentiation (Larson et al., 1986; Huerta and Lisman, 1993). 
During REM compared to NREM episodes, firing rates of CA1 neurons are rapidly decreased 
(Grosmark et al. 2012). They can also reflect reactivated patterns of newly learnt behavior-
dependent temporal firing order within ensembles of neurons (Louie and Wilson 2001). These 
studies highlight the large influence of theta oscillations on hippocampal neuron firing in normal 
animals. 
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Theta oscillations in epilepsy 
 Disturbances in septohippocampal theta oscillations in epileptic animals have been 
widely studied and reviewed (Kitchigina et al. 2013). Rhythmic activity at theta frequency (4-10 
Hz) has been observed in the hippocampus and medial septum (Butuzova and Kitchigina 2008; 
Kitchigina and Butuzova 2009; Kitchigina et al. 2013) prior to chemically induced seizures and 
prior to rhythmic ictal spiking of spontaneous seizures in the pilocarpine rat model of epilepsy 
(Grasse et al. 2013b). This dominance of preictal theta oscillations has sparked debate about their 
potential seizure preventive or seizure promoting role. Support for the first possibility comes from 
studies where induced theta oscillations decreased the  frequency of epileptiform interictal spikes 
in anesthetized animals (Colom et al. 2006). Since this finding has not been confirmed for 
frequency of seizures, authenticity of seizure preventive role for theta oscillations is still unclear. 
However, long term changes in hippocampal CA1 theta oscillations (Arabadzisz et al. 2005a; 
Chauvière et al. 2009; Inostroza et al. 2013; Marcelin et al. 2009a) and increased coherence 
between hippocampus and MS or entorhinal cortex has been demonstrated in animal models of 
epilepsy (Avoli and de Curtis 2011; Holtkamp et al. 2011; Towle et al. 1998) suggesting a need to 
focus on the neuronal activity underlying these altered theta oscillations in epilepsy.   
 In contrast to rodents, seizures in humans are more likely to occur during NREM sleep 
than REM sleep (Derry and Duncan 2013; Dewolfe et al. 2013; V. Kothare and Zarowski 2011; 
Malow 2007; Ng and Pavlova 2013) and during state changes. Theta oscillations in (epileptic) 
humans occur in smaller (<1s) bursts during REM and have slower frequency (1-5 Hz)(Cantero et 
al. 2003; Caplan et al. 2003; Jacobs 2014). These dissimilarities are possibly influenced by 
septotemporal differences of theta expression (Royer et al. 2010; Patel et al. 2012), since the 
anterior hippocampus commonly recorded in humans should be directly compared with the rodent 
temporal/ventral level, than an inter-species difference of theta activity which appears 
phylogenetically preserved (Buzsaki et al. 2013). 
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Chapter 2: Neuronal dynamics during Status epilepticus 
 
Specific aim 1 (Acute phase): Identify differences in neuronal firing and synchrony 
underlying progressive state changes during status epilepticus (SE).   
2.1 Introduction  
 Status epilepticus (SE) is characterized as a state of continuous or recurrent seizures for a 
duration greater than 30 minutes with incomplete or no recovery between seizures (Gaitanis and 
Drislane 2003; Lowenstein et al. 1999; Mitchell 2002; Varelas and Mirski 2009a). Apart from 
being a common cause of clinical emergency, status epilepticus and associated neuropathological 
alterations may be linked with a delayed emergence of spontaneous seizures. Clinical and 
experimental observations indicate that even within a single episode, SE becomes progressively 
less responsive to anti-epileptic drugs (Walton and Treiman, 1988; Treiman et al., 1990; Jones et 
al., 2002; Wang et al., 2009), suggesting significant changes in the neuronal networks during SE. 
For example, it has been suggested that increased extracellular GABA caused by internalization 
of post-synaptic GABAA receptors on granule cells contributes to a progressive loss of inhibition 
(Naylor, Liu, and Wasterlain 2005b).  However, changes in neuronal activity in the intact CA3 
hippocampus that contributes to the progressive pharmacoresistance have not been studied. 
 Systemic or intrahippocampal injections of kainate or pilocarpine can induce SE in 
animals (Ben-Ari, 1985; Sloviter, 1999). This pathological state results in anatomical changes 
including mossy fiber sprouting and sclerotic cell death. Hilar mossy cells and pyramidal cells of 
CA3 and CA1 (Sater and Nadler 1988) are the most vulnerable. These alterations lead to long 
term changes in cell excitability (Misonou et al. 2004) and synaptic efficacy (Cossart et al. 2001a) 
within certain neuronal populations potentially contributing to the generation of spontaneous 
chronic seizures. While the neurochemical alterations during SE are studied widely, dynamic 
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changes in the neuronal activity over the course of SE in the intact hippocampus are unknown. 
Knowledge of such neuronal changes can clarify and complement the changes observed in 
surface and intrahippocampal EEG (Riban et al., 2002; Medvedev, 2002). 
 Generation of seizures by kainate in animal models of SE was initially ascribed to a 
collapse of GABA-mediated inhibition (Cossart et al. 1998). However in vitro studies focusing on 
target and subunit-specific effects of kainate suggest that kainate excites both pyramidal cells and 
interneurons (Ben-Ari and Cossart 2000). The neuronal impact of drugs inducing SE was 
analyzed leading up to the first seizure after injection in awake, freely moving animals. This  
provided important information of changes in neuronal activity before the first seizure 
(Cymerblit-Sabba and Schiller, 2010). As a follow up on this work, it is important to study the 
impact of SE on network dynamics throughout the entire period of SE. 
 In this study, we measured changes in neuronal activity from both ipsilateral and 
contralateral CA3 hippocampus in response to a focal intrahippocampal injection of kainic acid 
during the full course of SE, 24 hours post-SE, and one week post-SE. The progressively 
increasing behavioral severity during SE was accompanied by changes in intrinsic firing 
properties of single neurons, LFP oscillations and the interaction between single neurons and the 
oscillations. These results reaffirm that the period of status epilepticus is not a single state but 
represents a progression of changes in network activity both ipsilateral and contralateral to the 
site of injection. 
2.2 Methods 
 To assess the changes in neuronal activity during status epilepticus in awake, freely 
moving rats, five Long Evans rats were implanted with an injection cannula and arrays of 
microwire electrodes into CA3 hippocampus bilaterally. After animals had one week to recover 
from surgery, baseline recordings of single neurons and local field potentials (LFP) were made.  
Then, animals were lightly anesthetized, injected with KA and allowed to recover from 
11 
 
anesthesia.  Within approximately 30 minutes of the injection, animals recovered and headstages 
were attached to the connectors to resume recordings. Since recordings did not begin until after 
the injection and recovery were complete, it is not known whether the first seizure we recorded 
was also the first seizure of SE.  Recordings were made during SE, 24 hours after and one week 
after injection. LFP signals were used to separate seizures from inter-seizure periods.  Changes in 
neuronal activity, LFP power and the coherence between neuronal activity and the LFP (spike 
field coherence) were assessed across pre-injection period, inter-seizure periods and seizure 
periods.  All materials and procedures in this study were performed under the guidelines of the 
National Institutes of Health, and approved by the Institutional Animal Care and Use Committee 
of Drexel University College of Medicine. 
 
Electrode and cannula implant surgery  
 Adult Long Evans rats (275-300 g) were anesthetized with Nembutal (45 mg/kg, ip), 
placed in a stereotaxic frame, maintained on a heating pad with feedback control, and prepared 
for aseptic surgery. Supplemental doses of Nembutal (0.1 mg/kg, ip) were given as required. 
Individual craniotomies for the injection cannula and microwire bundles were performed. The  
cannula was implanted in the cortex, and oriented so that a syringe (Hamilton, 0.483 mm 
diameter) could later pass through and inject KA in the CA3 hippocampus region (AP,-5.3;ML,-
4.6;DV,6.0).  
 Microwire bundles (16 wires, 50 µm diameter, Teflon coated) were implanted in 
ipsilateral (injected) CA3 (AP,-2.5;ML,2.0;DV,2.8) and contralateral CA3 region (AP,-
5.3;ML,4.6;DV,6.0) mirroring the injection site. The implant location in the pyramidal cell layer 
was confirmed by the sudden appearance of large amplitude unit activity. A skull screw placed at 
the anterior end of the cortex was used as a ground for the microwires.  Finally, the microwire 
bundles and injection cannula were held in place by dental acrylic. Animals were removed from 
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the stereotax and placed on a heating pad to aid recovery before being returned to their home 
cage. 
 
KA injection  
 Beginning one week after surgery, single unit activity from the pyramidal cell layers were 
observed from the microwire bundles.  Baseline neural recordings (see Neural recordings, below) 
were obtained for an average duration of 43±22 minutes either one day before or a few hours 
before KA injection.  After baseline recordings, the animals were anesthetized with isoflurane 
(3% isoflurane in 2.5 liters of O2 for less than 5 minutes) and given a focal injection of KA 
(0.4µg/0.2µL of normal saline) through the implanted cannula. Intra-cannular administration of 
KA was used to produce restricted hippocampal lesions as is the case in human medial temporal 
lobe epilepsy (Cavalheiro, Riche, and Le Gal La Salle 1982; Magloczky and Freund 1993). This 
also allowed us to ensure the location of the lesion and place our recording electrodes 
accordingly. Animals were allowed to recover from anesthesia and neural recordings resumed.  
Behavior effects were monitored and video recording was done for offline analysis.  
 
Neural Recording 
 Extracellular action potential and field potential recordings were obtained from ipsilateral 
and contralateral CA3 region of hippocampus through the implanted microwires during base,ine 
periods and after KA injection.  After the animal recovered from anesthesia, recordings were 
started (on average 30±6 minutes after injection) and continued for approximately 6.5 hours.  The 
neural activity recorded from each microelectrode was amplified and high pass filtered with a cut-
off frequency of 400 Hz to extract spike activity. The filtered signal was sampled at 40 kHz and 
stored for offline analysis.  
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 During the recording period after KA injection, data were written to sequential discrete 
files to maintain file size below a critical limit for offline analysis.  In addition, there were times 
when the headstage was dislodged and the files had to be restarted.  This produced several data 
files per animal with durations ranging from 10-60 minutes.  The identity of single neurons across 
different files could not be confirmed in many cases and, therefore, to be conservative, cells 
across seizures were considered an independent population (see Spike sorting and neuron 
classification, below).  The number of seizures per file ranged from 0-23. On average, 80% of the 
absolute time was recorded in the 6.5 hour period after injection. Animals were also recorded 24 
hours after injection (3/5 rats) and one week later (4/5 rats).  These recordings were on an average 
45 minutes long. In addition, simultaneous video monitoring of animal’s behavior was performed. 
All recordings were obtained during daylight hours when the rat was in a plexiglass chamber in a 
temperature controlled environment. 
 
Histological Procedures  
 A week after the end of the electrophysiological experiments, rats were deeply 
anesthetized and transcardially perfused with 4% paraformaldehyde. Brains were removed and 
placed in 4% paraformaldehyde for at least 48 hours before histological sectioning and Nissl 
staining.  Histological sections showing aberrant cell loss and dispersions are shown for both 
hemispheres (Figure 1). In the ipsilateral hemisphere, maximum cell loss was observed in the 
CA3 subfield and hilar region. This loss remained almost homogenous along the longitudinal 
axis. On the contralateral side, the cell loss was less severe than in ipsilateral hemisphere. No 
apparent differences were observed in the intensity of staining in CA1 subfield between 
hemispheres.  
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Figure 2.1. Rostral contralateral (A) and ipsilateral (B) hippocampal formation of KA injected rats seen 
two weeks after the injection in Nissl stained sections. The KA injection caused widespread degeneration 
of CA3 pyramidal cells (indicated by black arrows) and hilar cells (arrowheads) in the ipsilateral 
hemisphere whereas less extensive damage was observed in the contralateral hemisphere.  
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Figure 2.2. Progressive change in behavior and LFPs after KA injection required separation of recordings 
into different stages. A, Schematic showing the designation of stages with respect to time of injection (time 
0). B, Representative LFP traces with pre-seizure (grey), post-seizure (grey) and seizure (black) segments 
in Stage 1 and Stage 2 from ipsilateral (Ipsi) and contralateral (Contra) CA3 regions. In the middle are 
traces from intermediate stage, when seizures could not be identified effectively and data in this stage was 
discarded. In stages 1 and 2, seizures were identified ‘by eye’ as segments with relatively high amplitude 
persistent rhythmic activity in ipsilateral LFP traces. Note that reference points for seizure onsets are 
marked commonly for both ipsilateral and contralateral regions. LFP signal is filtered between 0.9 and 500 
Hz. C, Example of spike sorting and neuron classification. 2D Principal component space showing clusters 
for 2 units. D, Waveforms of the two units – PE cell (black) and FS cell (grey) are shown on left. Right 
panel shows the corresponding ISI histograms. Note the difference in spike duration and ISI histogram 
distributions.  
 
 
 
Characterization of seizures 
Identification of electrographic seizures: Although some cases of SE can involve continuous 
seizure activity, the SE induced in this study resulted in a series of seizures which were 
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distinguishable from non-seizure periods on the basis of LFP amplitude and animal behavior 
(Williams et al. 2009). We separated seizures from non-seizure periods and examined the cellular 
activity to possibly explain differences in behavior and to compare with in vitro studies. To obtain 
LFP data, the neural activity was low pass filtered at 500 Hz. The LFP activity on all electrodes 
within each hemisphere was similar. Only seizures that were clearly identifiable by visual 
examination of the LFPs on more than one electrode were further analyzed. The electrode having 
the greatest relative increase in LFP amplitude during seizures compared to clearly non-seizure 
segments was used to identify a reference point for the seizure onset. Seizures were marked as the 
occurrence of relatively high amplitude synchronous activity in the chosen electrode (Figure 2B, 
black segment of traces). A reference point for putative seizure onsets was marked as the instant 
of first deviation from average baseline activity as evidenced from visual inspection. In a manner 
similar to onset, the end of seizures was marked at the time of termination of high amplitude 
synchronous activity. In a minority of cases, seizures were more prominent in the contralateral 
side and were marked using the corresponding electrodes. Commonly, seizures were followed by 
a prominent post-ictal depression (lasted ~20-30s) after which LFP activity returned to baseline 
levels.  
  Seizures were observed only in the first recording session (examples, Figure 2B). No 
electrographic seizures were observed in the subsequent recordings (1 or 7 days after injection).  
During the first recording for each rat, there was a progressive change in LFP activity after 
injection. After the initial seizures, or about 118±5 minutes after injection, the average amplitude 
of LFP increased and it was not possible to distinguish seizures (example, Figure 2B Intermediate 
stage) from inter-seizure periods. Therefore, we suspended discrimination between ictal and inter-
ictal periods until a clear difference could again be denoted, resulting in two stages of interest 
during the first recording (S1 and S2).  This intermediate stage lasted for about 95±29 minutes 
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and data from this period was not used in further analysis.  The resulting data were, therefore, 
divided into five stages (Figure 2A): 
Stage 0 (S0): Before injection 
Stage 1 (S1):  30±6 to 118±5 minutes post injection (90 minutes) 
Stage 2 (S2): 223±31 to 407±21 minutes post injection (180 minutes) 
Stage 3 (S3): 45 minute recording taken 24 hours after injection 
Stage 4 (S4): 45 minute recording taken 1 week after injection 
 
Assessment of seizures using electrographic data: Electrographic seizures were only identified, 
and therefore marked in stages 1 (S1) and 2 (S2). After marking seizure onset and offset times 
offline, data corresponding to 60 seconds after each seizure was removed to eliminate the effects 
of post-ictal depression. In order to test for differences within the inter-seizure state, period 
between two consecutive seizures in a continuous recording was divided equally into the post-
seizure period of the first seizure and the pre-seizure period of the second seizure. The data in 
each file were divided into data segments, each consisting of a pre-seizure period, a seizure 
period and a post-seizure period. Planned comparisons of all measures (See Statistical Analysis 
below) revealed no significant difference between pre-seizure and post-seizure periods within 
Stage S1 or S2. Hence the pre-seizure period and the post-seizure period for one data segment 
were combined to form an inter-seizure period. Only data segments with a minimum length of 
10s inter-seizure period were selected for further analysis. 
 Inter-seizure segment length, seizure length and seizure rate were compared between 
stages 1 and 2 using a Kruskal-Wallis independent samples test. In addition, to validate the 
designation of stages and estimate power differences in seizure and inter-seizure periods, changes 
in the low frequency (0.9-20 Hz) and high frequency (21-100 Hz) bands of the LFP across stages 
(S0 – S4) and between seizure and inter-seizure periods (S1 and S2 only) were assessed using a 
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Kruskal-Wallis independent samples test.  Planned comparison post-hoc tests examining 
differences within stages (e.g. power during S1 inter-seizure compared to S1 seizure) and 
between stages (e.g. power during S1 seizure compared to S2 seizure) were made using Mann-
Whitney U test with Bonferroni correction for multiple comparisons. To acquire data segments of 
equal length for comparison, in the stages that did not have seizures (S0, S3 and S4), random 
segments of data were selected with the same mean length as S2 pre-seizure periods. 
 
Assessment of behavior during seizures using Racine scale: Racine’s scale (Racine 1972) with 
five stages of intensity was used to evaluate the behavioral repertoire of the animals during a 
seizure including mouth and facial movements (intensity scale 1), head nodding (scale 2), 
forelimb clonus (scale 3), seizures characterized by rearing(scale 4), and seizures characterized by 
rearing and falling (scale 5). 
 
Spike sorting and neuron classification 
 Single neuron discrimination was performed using standard techniques well established 
in our lab (Leiser & Moxon, 2007). Within each data segment (defined above), waveform 
segments of 800µs duration were extracted whenever peaks exceeded 5 standard deviations from 
the mean of the data in an entire file.  The extracted spike waveforms were sorted on the basis of 
their waveform shape using Offline Sorter. The information encoded in amplitude and waveform 
shape was compressed using principal component analysis. The first three principal components 
captured most of the variance and hence were used to separate the clusters (Figure 2C). Clusters 
were divided by manually drawn contours and adjusted by template matching with appropriate 
thresholds.   Clusters were classified as activity from a single unit or multi-unit based on inter-
spike interval histograms and cross-correlograms. Only clusters with clear refractory period were 
classified as single units and used in further analysis.   
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Of the single units recorded, neurons were classified as putative excitatory (pyramidal cells) or 
fast spiking neurons (putative interneurons) based on waveform shape and average firing rate 
(Figure 2D). The putative excitatory (PE) cells, had low average firing rates (1-5 Hz), larger 
peak-to-valley duration and slower repolarization than fast spiking (FS) cells (Csicsvari, Hirase, 
Czurko, et al. 1998). Cells that were difficult to classify as either PE or FS were not included in 
the analysis. Due to discontinuous recordings (refer to Neural Recordings section, above), 
neurons for each data segment were considered independent across seizures. Table 1 presents the 
average number of neurons per data segment and the total number of data segments per stage.   
 
Data analysis 
For all analyses described below, the measures were performed for all data segments separately 
for seizure and non-seizure periods.  As stated above, for S0, S3 and S4, equivalent segments of 
data were used for seizure and non-seizure periods based on the average lengths, respectively, 
during S2. 
Firing rate:  The effect of KA on the firing rate of the two populations of neurons was assessed 
as time progressed. The firing rate in each data segment was estimated as an average of rates in 
10s bins. This bin-size was chosen as a compromise between variance reduction and temporal 
resolution.   
Autocorrelation: Inter-spike interval (ISI) histograms of 200ms duration were constructed for 
individual neurons in each segment using bins of 3ms width. A significant peak in the ISI 
histogram was determined if the peak exceeded the expected value by 3 standard deviations 
(Eggermont 1992). Differences in the latency of significant peak in the ISI histogram were 
compared across stages and within S1 and S2.   
Cross-Correlation: We examined cross-correlations of all pairs of units recorded simultaneously 
from a region. To compute cross-correlation between two units, a cross-correlation histogram of 
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2s duration and 3ms bin size was constructed. Significance of peak was tested by methods 
explained above (Eggermont 1992). Since firing rate could increase during seizures, the expected 
value of cross-correlation was calculated for each seizure or inter-seizure segment independently.  
In addition, as rhythmic modulation of spike activity could result in multiple peaks in the 
correlogram, only center peak in a ±24ms window around zero lag was tested for significance. 
Only correlations with a significant peak were used for further analysis and the peak value was 
normalized to remove influence of bin width and duration of recording.  
LFP power across frequency bands:  Power spectra of the average LFP signal in each hemisphere 
were estimated using a Fast Fourier transform algorithm applied to all data segments using bins 
of 10s duration and 50% overlap. The power spectrum of the inter-seizure and seizure segments 
was estimated for frequencies in the range 1-100 Hz and was normalized by the power spectrum 
in the pre-injection period for each animal.  In addition to using the LFP to characterize the 
seizure periods as stated above (see Characterization of seizures), the normalized power was 
averaged and analyzed to identify the frequency band with maximum normalized power 
(dominant frequency band) for periods across all stages using the following frequency 
resolutions: delta (0.9-3.5 Hz), theta (3.6 – 7 Hz), alpha (7-12 Hz), beta (12 – 25 Hz), gamma (25-
100 Hz) frequency bands.  
Spike field coherence: Spike field coherence (SFC) was computed using a modified version of the 
technique introduced by Fries et al., 2001.  For those frequency bands that had the greatest 
normalized power, the coherence between LFP and action potentials of individual neurons was 
estimated using the filter bank SFC method with bias correction (Grasse & Moxon, 2010). LFP is 
filtered into a series of narrow (Fractional Bandwidth = 0.4) frequency bands in the range 1-100 
Hz. Segments of LFP with a length equal to two oscillation periods of the band are obtained 
around each spike and normalized by the peak height of each segment. The normalized LFP 
segments are then averaged to obtain a spike triggered average (STA). The square of normalized 
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central peak amplitude of STA is the magnitude of SFC. This magnitude is equivalent to the 
power ratio from power spectrum-based estimation methods of SFC. 
  
Statistical Analysis 
  All measures (firing rate, ISI peak latency, magnitude of the cross-correlation 
between cells, power and spike-field coherence) did not conform to a normal distribution and 
were, therefore,  compared across stages using Kruskal-Wallis independent samples test within 
each hemisphere (ipsilateral to the injection and contralateral to the injection). The Kruskal-
Wallis test had 7 levels: S0, S1 seizure, S1 inter-seizure, S2 seizure, S2 inter-seizure, S3 (24 
hours later) and S4 (one week later). For firing rate, ISI peak latency and magnitude of the cross-
correlation between cells, three basic types of planned post-hoc comparisons were made using 
Mann-Whitney U test.  First, within stages comparisons were made (inter-seizure vs. seizure for 
S1 and S2) to identify alterations in neuronal activity corresponding to the behavioral changes 
between seizures and inter-seizures. Second, between stages comparisons were made for seizure 
and inter-seizures periods (S1 vs. S2) since the behavior during seizures changed between stages 
S1 and S2.  Third, comparisons across the non-seizure periods (S1 inter-seizure, S2 inter-seizure, 
S3 and S4) were made with S0 to identify long-term changes in neuronal activity with time after 
injection. A total of 8 comparisons were made, therefore, with Bonferroni correction, p< 0.006 
was considered significant.   
 For LFP power and spike field coherence, planned post-hoc tests comparing all seizure 
and non-seizure periods with S0 were made only in the dominant frequency bands of maximum 
increase from S0 power. A total of 6 comparisons were made for each frequency band of interest 
and, therefore, with Bonferroni correction, p<0.008 was considered significant. 
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  Data are presented in text as median ± inter-quartile range.  Data are presented in Figures 
as median; error bars indicate interquartile range. In all Figures, * indicates significant effect at 
the respective Bonferroni corrected alpha level. 
2.3 Results 
Characterization of Seizures across Stages 
 Electrographic seizures were observed to occur for up to 6.5 hours after recordings began 
(stages S1 and S2, refer to Methods, Characterization of Seizures). A total of 218 electrographic 
seizures could be discriminated from the five animals.  Of those, 53 seizures were identified 
during S1 and 165 were identified during S2. There was no significant difference in the duration 
of the inter-seizure periods of S1 compared to S2 and their average duration was 5 ± 2 minutes. 
However, the length of seizures in S1 (63 ± 117 seconds) was significantly greater than the length 
of seizures in S2 (57 ± 32 seconds) without a measureable difference in the average rate of 
seizures (S1: 0.17 ± 0.1 seizures per minute compared to S2:0.18 ± 0.1 seizures per minute) 
because S2 lasted longer than S1.  
There were also differences in the behavior of animals during seizures across stages.   During the 
first period after injection (S1), lasting approximately 2 hours, behavior of the animals did not 
exceed a Racine scale of 2 (head bobbing).  For S2, the early seizures were usually characterized 
by a Racine scale of 2 and, as S2 progressed, the animals exhibited seizures with increasing 
intensity usually reaching a scale of 3 or above. The percentage of seizures in S2 with intensity 
Racine scale 3 and above ranged from 13% to 88% among animals (13%, 52%, 68%, 78%, and 
88% for each animal respectively). This evolution of behaviors is consistent with earlier studies 
of the effect of kainate injection on behavior (Ben-Ari et al., 1981; Treiman et al., 1990; Bosch 
and Clausell, 2004) and confirms that status epilepticus is not a single state but a progressive 
event during which seizures become more intense. 
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Along with behavioral differences, there was a progressive change in LFP during SE similar to 
those seen by others in EEG ( Treiman et al., 1990). Following S1 when electrographic seizures 
could be identified effectively, the overall average amplitude of LFP increased and no distinction 
between seizure and inter-seizure periods could be made for approximately the next 100 minutes 
(Figure 2).  The data during this period were not examined further (see Methods).  The average 
LFP power then decreased and clear seizures could once again be discriminated in the next three 
hours (S2). Finally, changes in both the low (LF - 0.9-20 Hz) and high (HF - 21-100 Hz) 
frequency power were found to be significant and confirmed division into stages 1, 2 and our 
assessment of seizure vs. inter-seizure periods (Ispilateral LF, H(6) = 198.5, p< 0.001; Ipsilateral 
HF, H(6) = 239, p< 0.001; Contralateral LF, H(6) = 189.9,p < 0.001, Contralateral HF, H(6) = 
51.9, p< 0.001).  
Comparisons between seizure and inter-seizure periods within stages revealed that high frequency 
power during seizures was significantly greater in both S1 and S2, as expected (Figure 3). 
However, it was only in S2 that low frequency power was significantly greater during seizure 
over inter-seizure periods. Planned comparisons between S1 and S2 revealed that the high 
frequency band power increased from S1 to S2 only during inter-seizure periods but not during 
seizure periods (Figure 3). The low frequency power increased between S1 and S2 during both 
inter-seizure and seizure periods. The overall comparable changes in ipsilateral and contralateral 
hemispheres support previous studies showing that seizures spread to both the hemispheres 
during SE after unilateral KA injection (Medvedev 2002; Riban et al. 2002). 
 The observed progression of changes in LFP amplitude is comparable to the evolution of 
EEG observed during pre-treatment generalized convulsive SE in humans and verified in rats 
treated with KA or pilocarpine injection (Treiman et al., 1990) and electrical stimulation 
(Lothman et al. 1989). These studies identified sequential EEG patterns after injection 
characterized by initial discrete seizures which merged to evolve into continuous ictal activity 
 followed by periodic epileptiform discharges. Taken together, these studies and our observations 
suggest a common evolution of neurological changes in SE 
initiation with similarities to clinical cases. 
 
 
 
Table 2.1: Average number of neurons per data segment | number of data segments in each stage.
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Changes in Neuronal Firing Rate  
Earlier studies showed that the concentration of kainate receptors is highest at mossy fiber 
terminals of CA3 (Ben-Ari 1985; Monaghan and Cotman 1982; Vincent and Mulle 2009). Under 
current clamp conditions, KA depolarizes and hence increases the firing rate of both pyramidal 
cells and interneurons of CA3 region (Fisahn, 2005). To determine if similar effects of KA 
injection could be identified in the awake, freely moving animal, PE and FS cells were recorded 
during the hours after KA injection and change in population firing rate identified (Figure 4). 
There were significant differences in the firing rate of both cell types across stages both ipsilateral 
and contralateral to the lesion (Ipsilateral PE cells, H(6) = 53.6,p<0.05; Ipsilateral FS cells, H(6) 
= 36.7, p<0.001; Contralateral PE cells, H(6) = 16.3 , p < 0.001; Contralateral FS cells, H(6) = 
110.7, p < 0.001).   
 Within stages, comparisons were made between seizure periods and inter-seizure periods 
within S1 and S2. As expected the firing rate of PE cells was significantly greater during seizures 
in S1 and S2 but only ipsilateral to the injection. In contrast, FS cells had a significantly greater 
firing rate during seizures only in S1 ipsilateral to the injection.  
 Between stages comparisons identified differences between seizure periods or inter-
seizure periods between S1 and S2.  Ipsilateral to the injection, the firing rate for both cell types 
during seizures in S1 was significantly greater than during seizures in S2. Contralateral to the 
injection, only FS cells showed significantly greater firing rate during S1compared to S2.  
 Comparisons across non-seizure periods were made between post-injection non-seizure 
periods (S1 or S2 inter-seizure periods, S3 and S4) and the pre-injection period. Ipsilateral to the 
lesion, for both cell types, firing rates during S1 and S2 inter-seizure periods and S3 were not 
significantly greater than that before injection (S0).  By one week, only the firing rate of FS cells 
was significantly increased. Contralateral to the lesion, firing rate of PE cells was significantly 
greater during S4 while that of FS cells decreased during S2 but returned to S0 levels in stage S3.  
  The observed increase in neuronal firing rate during seizures compared to inter
periods is similar to the increase in firing rate of si
administration (Cymerblit-Sabba and Schiller, 2010)
after administration of KA in vivo 
confirming earlier work showing an increase in firing rate during seizure compared to inter
seizure periods, our data also shows bilateral decrease in firing rate between non
seizures in early SE and convu
significant differences in firing rate one week after injection despite the fact that no behavioral 
seizures occur at this time.  
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between   non-seizure stages are shown in bottom row. D, Within stage (top row) and between stages (top 
row) differences in firing rates of pyramidal cells and interneurons in the contralateral CA3 region. 
 
 
 
Changes in autocorrelation activity  
 Persistent changes in intrinsic neuronal properties have been linked to hippocampal 
epileptogenesis (Robinson and Deadwyler 1981; Sanabria, Su, and Yaari 2001; Su et al. 2002). 
Burst firing CA1 pyramidal cells have been thought to serve as pacemakers or cells with low 
threshold to generate seizures in slices derived from pilocarpine-treated chronically epileptic rats 
(Sanabria et al., 2001). To determine if KA had an impact on the intrinsic firing properties of 
neurons in vivo, changes in autocorrelation activity were assessed from the inter-spike interval 
histograms of single units (Figure 5).  The latency to the peak of ISI for both PE and FS cells 
significantly increased across all stages (Ipsilateral PE, H(6) = 84.9, p < 0.001; Ipsilateral FS, 
H(6) = 75.4, p < 0.001; Contralateral PE, H(6) = 43.4, p< 0.001; Contralateral FS, H(6) = 13.7, p 
< 0.05). Specifically, ISI histograms of PE cells changed from pre-injection period to S1 such that 
the peak latency of inter-spike intervals increased from typical values of ~2-3 ms to ~50-150 ms 
(example, Figure 5, A).  
  Within stages comparison (between seizure and inter-seizure periods within S1 or S2) 
showed differences in intrinsic firing patterns of cells ipsilateral to the injection but not 
contralateral (Figure 5C, D top row).  Ipsilateral to the lesion, there was a significant decrease in 
peak latency during seizures when compared to inter-seizure periods of stage 2 for FS but no 
change for PE cells.  Between stages comparison (between S1 and S2 seizure or inter-seizure 
periods) showed a significant decrease in the latency to the peak of the inter-spike interval during 
stage 2 compared to stage 1 (Figure 5C, D top row).  More importantly, comparisons across non-
seizure periods (between pre-injection and post-injection non-seizure periods) revealed 
significant effects both ipsilateral and contralateral to the injection site (Figure 5 C, D bottom 
 row). Ipsilateral to the lesion, ISI peak latency of PE cells significantly increased after injection 
and remained high during inter
and one week after injection (S4). For FS cells, the ISI peak latency was significantly increased 
from pre-injection levels during inter
injection (S4).  This pattern of increased peak latency was not as consistent contralateral to the 
injection site. For PE cells, the peak latency was significantly increased during inter
periods of S1 and during S3, while for FS cells, the peak lat
periods compared to S0.  
 
 
 
 
Figure 2.5. Changes in autocorrelation activity for pyramidal cells and interneurons. 
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 On the one hand, in contrast to the relatively small effect on firing rate across non-seizure 
periods, the ISI peak latency is significantly increased for both cell types immediately after KA 
injection and continued until one week after injection. On the other hand, firing rate during 
seizure periods was consistently greater than that during inter-seizure periods while there were no 
significant differences in ISI peak latency between inter-seizure and seizure periods. Therefore, 
although changes in firing rate tended not to be long lasting and likely due to kainic acid and/or 
acute changes in state (seizure vs. non-seizure), changes in higher order firing patterns tended to 
be sustained well after SE, possibly suggesting more permanent alterations to membrane channel 
function or network connectivity.   
Changes in cross-correlation measures  
 Cross-correlation strength between neuronal pairs has been shown to exhibit an early 
desynchronized phase followed by a late resynchronized phase prior to the first seizure after intra-
hippocampal KA injection (Cymerblit-Sabba and Schiller, 2010). To extend this result during the 
hours and days after injection, the magnitude of the cross-correlations between simultaneously 
recorded pairs of neurons was calculated (Figure 6 C, D).  Due to the few numbers of pairs per 
animal, correlations across all combinations of cell type were combined.  There were significant 
differences in the magnitude of correlation between cells across stages both ipsilateral and 
contralateral to the lesion (Ipsilateral, H(6) = 243.9, p < 0.001; Contralateral, H(6) = 100.5, p < 
0.001) despite the fact that the number of correlated pairs did not change across stages (Figure 
6A).  
 
 
 
 
 
  
 
 
 
 
      
Figure 2.6. Changes in cross-correlation between interneurons and pyramidal cells. 
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cells during S2 seizures and inter-seizure periods was significantly greater than that during S1 
seizures and inter-seizure periods respectively (Figure 6D, top row). 
 Comparisons across non-seizure periods (between pre-injection and post-injection non-
seizure periods) ipsilateral to the lesion showed that the magnitude of the correlations did not 
change during S1 or S2 (Figure 6C, bottom row).  However, by one week after injection (S4), 
there was a significant decrease in the magnitude of the correlation between pairs of recorded 
neurons compared to that before injection (S0).   Contralateral to the lesion, there was an 
immediate decrease in the magnitude of the correlations (during S1 inter-seizure period) that was 
normalized within hours of the injection (S2) (Figure 6D, bottom row).   
 This analysis examined gross changes in magnitude of correlations across periods of ictal 
and inter-ictal activity in the hours and days after injection of KA.  They do not address changes 
within inter-ictal periods leading up to a seizure as has been done previously (Cymerblit-Sabba 
and Schiller, 2010).  On this timescale, substantial changes could be identified between ictal and 
inter-ictal activity but smaller changes were observed across non-seizure periods. There is an 
increasing trend of correlation as SE progresses and reaches a maximum during seizures of S2. 
Changes in LFP Power after injection  
 Application of kainate has been shown to increase the normally prevalent gamma 
oscillations in CA3 hippocampus (Medvedev et al., 2000; Fisahn et al., 2004). The magnitude of 
gamma band power can increase with agonist concentration whereas the peak frequency (38.4 
Hz) remains unaffected (Fishan et al., 2004). To examine changes in the power across frequency 
bands after KA injection in vivo, the LFP power of data segments in S1, S2, S3 and S4 were 
normalized to the power in the pre-injection period (S0) (see Methods).   
 The overall average amplitude of the LFP was low at the start of recording after injection 
(S1 and S2 inter-seizure) compared to the amplitude pre-injection. In fact, there was a significant 
bilateral decrease in power in all low frequencies (up to beta) during S1 and S2 inter-seizure 
 periods compared to pre-injection (Figure 7). Of all the bands in the frequency range, gamma 
band (25-100 Hz) had the least decrease in power and was considered 
and S2 inter-seizure periods bilaterally. 
 
 
 
 
 
 
Figure 2.7. Changes in LFP power. 
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 For periods during S3, the maximum normalized power was in delta band bilaterally and, 
a week after injection (S4, data not shown), power in all bands was significantly decreased 
compared to pre-injection bilaterally. This observation is in agreement with studies using 
systemic injection of KA that show a reduction in LFP power a week after injection (Arabadzisz 
et al. 2005b; Ben-Ari et al. 1981). This decrease in LFP amplitude is in contrast to the behavior of 
the animal which appears normal within 24 hours. 
Changes in spike-field coherence 
To determine if the dominant oscillations in LFP are accompanied by a stronger phase relation 
between LFP oscillations and individual neuronal activity, changes in relative SFC were assessed 
across stages. Since LFP power had the least decrease in the dominant bands (gamma band for S1 
and S2 inter-seizure, S1 seizure periods and beta or delta bands for S2 seizure periods), the 
change in dominant band SFC relative to the whole spectrum was tested for difference from pre-
injection coherence values (Figure 8).  
Ipsilateral to the injection, the PE cells (Figure 8A, B, left) had increased gamma band coherence 
for S1 and S2 inter-seizure periods and seizure periods in S1. FS cells (Figure 8 C, D, left) had 
increased gamma coherence during seizures of S1 and inter-seizure periods of S2. In contrast, 
neither PE nor FS cells had a significant difference in beta coherence during seizures of S2.  In 
S3, PE cells had decreased coherence in delta band (data not shown) and coherence of FS cells 
remained unchanged from pre-injection values.  
Contralateral to the injection, PE (Figure 8A, B right) and FS cells (Figure 8C, D right) had 
increased gamma coherence during S1 inter-seizure and seizure periods.  However only FS cells 
had increased gamma coherence during S2 inter-seizure periods.  During seizures of S2, both cell 
types had decreased coherence in the delta band, the frequency band of maximum increase in 
power from S0. During S3, both populations showed no change in delta band coherence 
compared to pre-injection period. 
  
 
 
 
Figure 2.8. Changes in Spike field coherence. 
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bands (beta and gamma) after injection in both the ipsilateral and contralateral CA3 hippocampus 
(Figure 8A, B).    
2.4 Discussion 
 The main finding of this paper is the progression of neurophysiological changes 
underlying status epilepticus in parallel with the series of changes observed in EEG (Treiman et 
al., 1990). SE affected both single neuron firing patterns and network synchrony and was 
observed both ipsilateral and contralateral to the injection.  
Several studies of the hippocampus and neocortical regions have shown that spike waveform 
shape can be used to distinguish between pyramidal cells and fast-spiking interneurons 
(Csicsvari, Hirase,  a Czurko, et al. 1998; Frank, Brown, and Wilson 2001; González-Burgos et 
al. 2005; McCormick et al. 1985). To similarly classify the recorded neurons into two populations 
– putative excitatory (PE) and fast-spiking (FS) interneurons, we used average firing rate and 
waveform duration measures. PE cells had low average firing rate and longer waveform 
durations, possibly including pyramidal cells. FS cells had a higher average firing rate, shorter 
waveform durations and probably comprised neurons belonging to different classes of 
interneurons close to the pyramidal cell layer. 
Changes in activity within the first two hours after injection included excitation of PE and FS 
cells and dominance of gamma band power in the local field potential (LFP).  Two hours after 
injection, the LFP became homogenous across time, preventing discrimination between seizure 
and non-seizure activity.  Presumably, molecular events in response to the early seizures and the 
resulting changes in network dynamics produced periods of decreased LFP amplitude leading to 
identifiable recurrent seizures after approximately 100 minutes.  However, these seizures were 
markedly different from those in the early period after KA injection, progressing to full clonus 
with greater low frequency LFP power.  These differences were accompanied by changes in 
neuronal firing patterns and network synchrony that may be responsible for the change in efficacy 
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of anti-epileptic drugs with time after the onset of SE (Walton and Treiman 1988; Wang et al. 
2009). 
Temporal progression of neuronal firing patterns in SE  
 When examining the immediate effect of  KA or pilocarpine, Cymerblit-Sabba and 
Schiller (2010) showed an increase in neuronal firing rate immediately after injection compared 
to pre-injection period that culminated in a further increase during the first seizure.  This result 
demonstrated that the effects of these drugs on neuronal firing can be identified before the onset 
of the first seizure.  Taking a different view in this study, the time after injection was divided into 
two stages, early SE (S1 – up to 2 hours after injection) and late SE (S2 – 3.5 to 6.5 hours after 
injection), and comparisons in the network dynamics during inter-seizure and seizure periods 
were made.  This approach revealed that the average firing rate of PE and FS during inter-seizure 
periods post-injection was not different from the pre-injection firing rate until approximately one 
week after injection.  Therefore, while changes in firing rate can occur in the short intervals 
before at least the first one or two seizures, the average firing rate during these inter-seizure 
periods as status progressed was relatively constant. 
 This approach did reveal the expected increase in firing during seizure periods compared 
to inter-seizure periods and for this comparison, there were important differences as status 
progressed.  The firing rate of both populations during seizure was greater during the early status 
period (S1) compared to late status (S2). This decrease in firing rate during seizures as status 
progressed was accompanied by an increase in the cross-correlation strength between neurons and 
an increase in the severity of the behavior during seizures.   
 An important finding of this work was the effect of kainate injection on synchrony within 
the CA3 network, in particular, the effect on the cell’s preferred inter-spike interval.  In ipsilateral 
CA3, the ISI peak latency increased for both cell types within the early status period and 
remained increased for at least one week post injection.  Particularly for PE cells, for periods that 
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had an increase in the ISI peak latency, there was an accompanying increase in coherence of the 
spikes with the gamma band oscillation in the LFP.  While an increase in gamma band power 
after KA injection has previously been reported (Medvedev et al 2002, Fisahn et al, 2004), the 
accompanying increase in single unit spike-field coherence and ISI peak latency demonstrates 
that there is an increase in rhythmic modulation of cells in response to the afferent inputs to the 
region, as measured by the LFP.  
Hemispheric differences after KA injection 
 The fact that the increase in power during seizures compared to inter-seizure periods 
occurred bilaterally suggests that the seizures spread to both hemispheres. However, the changes 
in neuronal activity were less consistent between hemispheres. Only ipsilateral to the injection did 
both populations have an increased firing rate during seizure periods over inter-seizure periods. 
Moreover, the peak latency of the ISI histogram was increased for both PE and FS cells during 
inter-seizure periods for the entire status period ipsilateral to the injection site while changes in 
ISI latency in contralateral hippocampus were less robust. These unilateral changes are consistent 
with ipsilateral dominance of anatomical changes identified in CA1 and CA3, hilar neuron loss 
and granule cell dispersion associated with hippocampal sclerosis (Riban et al., 2002; Arabadzisz 
et al., 2005). While there were important similarities between hemispheres including increase in 
cross-correlations and decrease in dominant frequency band as SE progressed, observed 
differences indicate possible dissimilarities in the evolution of SE in the two hemispheres. 
Coherence in the Gamma band during early SE 
 In vitro (Fisahn et al. 2004) and in vivo studies (Medvedev, 2002; Khazipov and Holmes, 
2003) have reported an increase in LFP gamma (~ 40 Hz) oscillations 5-10 minutes after KA 
injection. Kainate induced gamma oscillations have been attributed to GABAA  receptor mediated 
IPSPs produced by inhibitory interneurons (Traub et al., 1996; Khazipov and Holmes,2003). 
These oscillations are shown to intensify at the onset of generalized non-convulsive discharges 
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(Medvedev, 2002) and decrease with increasing number of discharges. In our study reported here, 
using intact awake animals, the amplitude of non-seizure LFP was decreased after injection and 
there was a trend of less power across all bands compared to pre-injection bilaterally. Particularly, 
the oscillations at low frequencies (up to 25 Hz) were significantly decreased for inter-seizure 
periods of both early and late SE bilaterally. There was no increase in gamma band power as 
expected from previous studies. However, gamma band power was the least attenuated and was 
considered the dominant frequency during S1 and S2 inter-seizure periods and S1 seizure periods. 
During these periods, both ipsilateral and contralateral to the site of injection, both PE and FS 
cells had equal or greater coherence with this ongoing gamma oscillation when compared to pre-
injection coherence values.  
Increase in low frequency oscillations during seizures in late stage SE  
 For seizure periods during late status (S2), the frequency of maximum increase from pre-
injection values is in lower frequency bands, including beta and alpha bands in the ipsilateral 
CA3 and the delta band in the contralateral CA3 region. In the ipsilateral CA3 region, neither PE 
nor FS cells have an increased coherence in these frequency bands during seizure periods in late 
status (S2). On the contralateral side, both populations of cells show a decreased coherence in the 
delta band during seizure periods of late SE (S2). The fact that during this time, CA3 cells are no 
more modulated by low frequency oscillations than usual suggests that they are not particularly 
important for the maintenance of this activity, and the source of these oscillations may be in 
extra-hippocampal origins. 
There are several lines of evidence for change in dominant network oscillations from gamma to 
beta frequency (Traub et al., 1999; Kopell et al., 2000) as seen between seizures of early and late 
SE. Simultaneous increase in the amplitude of EPSPs and of AHPs in pyramidal cells can cause 
the switch in the network oscillations from gamma to beta frequency (Traub et al., 1999). Thus 
potentiation of excitatory synaptic connections could underlie the slowing of the dominant 
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frequency as SE progresses. While the decrease in gamma oscillations in our data is accompanied 
by a decrease in firing rate of both cell types, only PE cells have an increased firing rate during 
seizures over inter-seizure periods in late status.  
Alternatively the frequency switch could be due to a decrease in the postsynaptic GABAA 
receptors observed one hour into SE (Naylor et al., 2005). Blockade of GABAA receptors using 
bicuculline in the presence of kainite has been shown to suppress gamma oscillations (Khazipov 
and Holmes, 2003) and increase slower oscillations (< 20 Hz). Beta rhythms are attributed to long 
range synchrony while gamma rhythms cannot tolerate long conduction delays (Kopell et al. 
2000). Hence dominance of beta rhythms in late SE when behavioral intensity of seizures 
increased could underlie the recruitment of other neocortical regions.  
 Taken together, these data show a progression of changes as status develops in an in-vivo 
model of acute epilepsy.  These changes are consistent with in vitro models showing immediate 
impact of KA on neuronal activity in the CA3 hippocampus but add important information, 
namely, a decrease in firing rate during seizures as status progresses (S2 compared to S1) 
accompanied by an increase in the cross-correlation strength between neurons.  Furthermore, a 
dominant oscillation in the gamma band early in status was accompanied by coherent neuronal 
activity of both PE and FS cells, ipsilateral and contralateral to the lesion.  However, the slowing 
of dominant frequency band late in status was not accompanied by coherence of the neuronal 
activity with this slower frequency.  These data provide an important view of the changes that 
occur during status in addition to the anatomical and molecular changes previously identified.     
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Chapter 3: Neuronal dynamics during theta oscillations in chronic epilepsy 
 
Specific aim 2 (Chronic phase): Identify differences in neuronal firing and synchrony in the 
chronic phase of epilepsy 
a) Between normal rats and epileptic rats (interictal periods) 
b) Between interictal periods and preictal periods in epileptic rats 
3.1 Introduction 
 Rhythmic activity at theta frequency (4-10 Hz) has been observed in the hippocampus 
and medial septum (Butuzova and Kitchigina 2008; Kitchigina and Butuzova 2009; Kitchigina et 
al. 2013) prior to chemically induced seizures and prior to rhythmic ictal spiking of spontaneous 
seizures in the pilocarpine rat model of epilepsy (Grasse et al. 2013b). However, hippocampal 
theta oscillations are also prevalent during principal functions such as voluntary movements 
(Vanderwolf 1969) and REM sleep (Leung et al. 1982b; Michel Jouvet 1969b) in healthy 
animals. In a recent study of tetanus toxin model of rodent temporal lobe epilepsy, REM and 
awake exploratory behaviors associated with hippocampal theta oscillations preceded a majority 
(81%) of seizures (Sedigh-Sarvestani et al. 2014). These studies emphasize the potential role of 
theta oscillations for the transition to seizures in epilepsy. Moreover, theta oscillations in CA1 
hippocampus of epileptic animals were observed to be different from theta in healthy animals 
(Inostroza et al. 2013; Marcelin et al. 2009b). However, the neuronal firing behavior during theta 
oscillations and their contribution to the recruitment of a local network into seizure activity 
remain unclear.  
 Neuronal firing and their temporal patterns during in vivo and in vitro theta oscillations in 
healthy animals have been well described (Colom and Bland 1987; Csicsvari et al. 1999; 
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Csicsvari, Hirase, Czurko, et al. 1998). Many studies have identified a heterogeneous firing 
among neurons during theta oscillations in naïve anesthetized animals (Bland and Colom, 1988, 
1989; Bland et al., 1996; Colom and Bland, 1987; Colom et al., 1987, 1991; Konopacki et al., 
1992; Smythe et al., 1991). In particular, some neurons increase their firing rate during theta 
oscillations (theta-on cells) compared to non-theta periods, some neurons decrease their firing 
rate (theta-off cells) while some have unchanged firing rates (theta-unrelated). Several studies 
focusing only on neuronal spiking have observed heterogeneous firing with some cells increasing 
and some decreasing their firing rates during the transition to seizures (Babb et al. 1987; Bower 
and Buckmaster 2008; Truccolo et al. 2011). Thus, it is possible that there is an important link 
between theta oscillations and heterogeneous firing rate prior to seizure onset. To address this, 
theta oscillations and the underlying neuronal firing were compared between healthy and epileptic 
(pilocarpine-treated) rats during interictal periods. To determine if theta oscillations or the 
underlying neuronal activity changes as seizure onset approached, differences between interictal 
and pre-ictal activity within epileptic rats were compared. 
 To assess the contribution of theta oscillations in generating a potential ictogenic state, 
we asked a) How are hippocampal theta rhythms different in epileptic animals? b) How is the 
neuronal activity during these theta oscillations different in epileptic animals? c) How are these 
theta oscillations and concurrent neuronal activity changed or sustained prior to seizures? d) Can 
we explain the heterogeneity of neuronal firing during the transition to seizures by theta-
dependent firing? 
3.2 Methods 
Overview of experimental procedure 
 Animals were injected with pilocarpine to induce status epilepticus and monitored till 
they exhibited chronic spontaneous seizures. These chronically epileptic and naïve animals were 
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implanted with drivable tetrodes in the CA3 hippocampus. Wide band neural signals and video 
were obtained for multiple 48 hour recordings. Two hour periods terminating at the onset of 
seizures and equivalent duration randomly picked interictal sessions 12 hours away from any 
seizure were collected. Similarly, 2 hour sessions were randomly picked from recordings of 
normal animals. Periods of theta and non-theta oscillations were identified in all these sessions. 
Neuronal activity during theta oscillations were compared across groups – normal, interictal and 
preictal. Comparisons of single neuron firing and spike field coherence were made using 2 way 
ANOVA with groups (3 levels – normal, interictal and preictal) and neuronal subtypes (3 levels – 
theta-off, theta- unrelated, theta-on) as independent factors for each population (interneurons and 
pyramidal cells). In case of significant main effects, post-hoc comparisons were made to identify 
effects of group. Selected post hoc comparisons were made between a) normal and interictal, b) 
interictal and preictal using paired t-tests or non-parametric Wilcoxon signed rank test for normal 
or non-normal distributions. Post hoc comparisons to identify effects of neuronal subtypes were 
omitted. For LFP measures (LFP theta power, theta median frequency, coefficient of variation of 
theta median frequency), equal number of randomly bootstrapped samples were obtained from 
each animal and compared across groups with an a priori false positive rate of 10%. All materials 
and procedures in this study were performed under the guidelines of the National Institutes of 
Health, and approved by the Institutional Animal Care and Use Committee of Drexel University 
College of Medicine. 
 
Epilepsy animal model  
 Long Evans animals were injected with pilocarpine hydrochloride (ip, 400mg/Kg), half 
an hour after an injection of scopolamine methyl nitrate (sc, 1mg/Kg). Around half an hour after 
pilocarpine injection, animals started exhibiting seizures of increasing intensity through status 
epilepticus. Status was terminated 2 hours after initiation by injections of diazepam (10 mg/kg, 
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i.p.) and pentobarbital (20 mg/kg, i.p.). Animals were given Lactated Ringer’s solution and diet 
gel to aid in recovery. Starting 3-4 weeks after SE, animals were monitored by video recordings 
for 8-10 hours every day to identify chronic seizure frequency.  
Microdrive construction and surgery 
 Age-matched normal animals and animals that exhibited chronic seizures were implanted 
with drivable tetrodes.  In brief, each tetrode was made by twisting 4 HFV coated tungsten (12.7 
micron diameter) wires together. LFP tetrode was constructed in the same way as other tetrodes 
but the 4 wires were connected to the same channel. A circular (< 1mm diameter) bundle of 
tetrodes around a central LFP tetrode was loaded into a microdrive (Neuralynx 9 drive) and was 
cut immediately prior to surgery with sterile micro-scissors. 
Animals were intubated to provide consistent flow of isoflurane and prepared for aseptic 
stereotactic surgery. Screw holes were drilled laterally to support the weight of microdrive. A 
craniotomy was performed to insert the tetrode bundle in dorsal hippocampus at (AP = −3.25, ML 
= −3.0) with respect to bregma. The ground wire for all tetrodes was connected to a skull screw 
placed at AP = 5.0, ML = 1.0. The microdrive was slowly inserted by observing simultaneous 
neuronal activity until CA1 pyramidal cell layer was reached at approximately 2.4 mm DV with 
respect to bregma. Exposed tetrode wires and the brain surface were covered with agar. Ground 
screw was covered with cement and 1-2 drops of veterinary tissue adhesive (3M Vetbond) was 
applied around the other screws to prevent accidental microdrive explantation. Finally, the 
microdrive was secured in place by applying dental acrylic around the screws and over exposed 
skull. 
Recordings  
 Animals were allowed to recover for at least 3 days after surgery. Once recovered, 
animals were lightly anesthetized and individual tetrodes of the microdrive were slowly advanced 
by observing simultaneous neuron and LFP activity. When a dense layer of pyramidal cells was 
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reached near theoretical CA3 depths, the advancement was stopped and recordings were made. 
Multiple recordings spanning 48 hours each were made with intermediate rest times of equal 
duration.  During the recordings, animals were free to move in their home cage in an isolated 
familiar recording room.  Wide band (0.7 to 8 KHz) neural activity was amplified (800x) and 
recorded using a wireless transmission system (Triangle Biosystems, 32Ch W series) and 
sampled at 40KHz frequency (NI Data Acquisition). Simultaneous video recordings were 
acquired using infrared LEDs and an IR sensitive camera.  
 
Histology 
 Once all recordings were obtained, the animals were transcardially perfused with 16% 
PFA and brains were kept in 4% PFA overnight. Brains were then transferred to sucrose  and 
frozen. Nissl staining was done on 40 micron coronal sections and electrode positions were 
confirmed.  
 
Unit classification 
 Wide band neural activity was filtered (low cut off, 320Hz) and waveforms exceeding the 
mean of filtered signal by 5 std were selected. Waveforms of the same action potential obtained 
from all 4 wires of a tetrode were concatenated and these concatenated waveforms were clustered 
in high dimensional principal component space using Klustakwik. Pairs of clusters with 
consistent waveforms and clear refractory periods in the cross-correlograms were checked to be 
merged. Final merged clusters were manually classified into putative interneurons and pyramidal 
cells based on waveform shape, auto-correlograms and firing rates (Csicsvari, Hirase, A. Czurko, 
et al. 1998). Distributions of parameters such as log average firing rates, burst ratio and latency of 
mean autocorrelation were checked for bimodal separation and projections of these parameters 
were displayed in 2D principal space (Fig 1). Few neurons that were very close to the 
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hypothetical decision boundary were discarded and only neurons that belonged to clearly separate 
clusters were used for further analysis. In spite of the rigor of this method, it is not possible to be 
entirely sure of the identity of these neurons without juxtaposed intracellular recordings and we 
acknowledge that our classified neurons should be called as putative interneurons and pyramidal 
cells. However, for simplicity, these neurons will be called as interneurons and pyramidal cells 
hereafter in this thesis manuscript. 
 
Classification of animal behavior 
 To remove confounding effects between firing rates and speed of movement, we 
classified the animal behavior by using simultaneous videos. Periods when the animal was lying 
in a curled position without any overt movement except brief twitches were called as sleep. 
Periods when the animal was clearly awake, but stationary in one place of the home cage were 
classified as active awake periods and exploratory periods were classified separately. Our animals 
were either asleep or actively awake for majority of recordings and we utilized only periods of 
sleep in the rest of the analyses.  
 
Seizure onset definition 
 In contrast to many other LFP patterns such as slow-wave and spike, low voltage fast 
activity, the start of sustained high amplitude LFP spiking was a clearly discernible event in every 
seizure, although not the earliest (Grasse et al. 2013b). Therefore, we used LFP ictal spiking onset 
as a reference point to study the neuronal firing during the transition to seizures.  
 
Data Analyses 
a. Theta detection: Wide band signals obtained from the LFP channels were downsampled and  
filtered (high cut off, 300Hz) into delta (1-4Hz), theta (4-10 Hz) and alpha (10-20Hz) bands. 
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Theta periods were detected by computing the ratio of delta band power and sum of theta and 
alpha band power in 3s windows. Automatically selected periods were manually confirmed to 
remove false positives by observing the raw and filtered LFP traces. Non-theta periods were 
identified as windows with a small (< 2) ratio of theta to delta band power.  
b. Groups: Two hour recordings randomly picked at least 12 hours away from any seizure in an 
epileptic animal were classified as interictal periods. Two hour recordings terminating 10 minutes 
before the onset of seizure were called as preictal periods. Similar two hour recordings from 
normal animals were randomly picked and comprised the normal group for comparison. Seizure 
onset was defined as the start of sustained rhythmic ictal spiking in the LFP electrode. 
c. Theta LFP measures: For each theta period, LFP frequency was obtained as reciprocal of 
median wavelength of theta-filtered LFP signal with 0.001Hz as resolution. Coefficient of 
variation of theta frequency was estimated as the ratio of standard deviation and mean of the 
wavelengths. Theta LFP power was estimated using multitaper methods in overlapping 3s bins.  
d. Firing rate: Average firing rates of individual neurons of each population were compared 
across groups. Distributions of firing rates of each neuron during all theta periods or non-theta 
periods were obtained. By calculating the mean of each distribution, theta and non-theta firing 
were obtained for each neuron. Theta firing rates of all neurons within a population were 
compared across all groups – normal, interictal, and preictal. Theta and non-theta firing 
distributions were compared for each neuron by student t-test (or Wilcoxon signed rank test) in 
case of normal (or non-normal) distributions. Neurons were classified as theta-on if mean (or 
median) of theta firing distribution was significantly larger than the mean (or median) of 
distribution for non-theta firing and as theta-off cells if vice versa. Cells were classified as theta-
unrelated if the distributions were not significantly different. Neurons that exhibited sparse firing 
and hence no difference in theta and non-theta firing were classified as theta-unrelated cells. 
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Theta unrelated cells may display theta phasic firing, but this was not analyzed. Instead, spike 
field coherence of each neuron was estimated to measure the consistency of phase locked firing. 
e. Spike field coherence: We estimated the level of phase locking of neuronal firing to oscillations 
in the LFP by estimating spike field coherence. Methods of this procedure are explained in detail  
(Grasse, Karunakaran, and Moxon 2013; Grasse and Moxon 2010; Karunakaran, Grasse, and 
Moxon 2012). In brief, LFPs were downsampled to 4000Hz and filtered into fractional frequency 
bands. Spike triggered average of LFP segments around each spike of a neuron was obtained and 
normalized. Spike field coherence was estimated as the normalized peak amplitude of the spike 
triggered average and corrected for bias due to a finite number of spikes.  
f. Statistical Analyses: Normality of data was tested using Kolmogorov-Smirnov test and 
homogeneity was tested using Levene statistic. In cases when either normality or homogeneity 
was not met, data were log transformed to meet assumptions. In cases where assumptions were 
still not satisfied, non-parametric tests were used. Comparisons of single neuron firing and spike 
field coherence were made using 2 way ANOVA with group (3 levels – normal, interictal and 
preictal) and neuronal subtypes (3 levels – theta-off, theta- unrelated, theta-on) as independent 
factors for each population (interneurons and pyramidal cells). In case of significant main effects, 
post-hoc comparisons were made to identify effects of group. Selected post hoc comparisons 
were made between a) normal and interictal, b) interictal and preictal using paired t-tests or non-
parametric Wilcoxon signed rank test for normal or non-normal distributions. For LFP measures 
(LFP theta power, theta median frequency, coefficient of variation of theta median frequency), 
equal number of randomly bootstrapped samples were compared across groups with an a priori 
false positive rate of 10%.  
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3.3 Results 
 Bundles of tetrodes were used to record extracellular single units and LFP from the dorsal 
CA3 hippocampus of spontaneously seizing pilocarpine-treated rats. A wireless recording system 
(Triangle Biosystems, 32Ch W series) was employed to record from awake, freely moving 
animals for 48 hours continuously (average of 5 per rat) in order to record spontaneous seizures 
and ensure sufficient interictal data for a complete analysis.  Seizure frequency was variable and 
seizures sometimes occurred in clusters, but overall rats averaged 0.85 ± 2.9 seizures per day. All 
recorded seizures generalized, indicated by behavior ranging from 3-5 on Racine’s scale (Racine, 
1972). Preictal periods were selected as 2 hour periods terminating ten minutes before onset of 
each seizure. Equivalent duration periods were randomly selected from healthy controls (normal 
group) and 12 hours away from a seizure in epileptic animals (interictal group).  
 The shapes of single-unit waveforms were stationary during these periods and sorting 
was performed by defining clusters using standard algorithms (Klustakwik 1.7, Ken Harris, 
Rutgers University) and then selecting single units from the clusters.  Single units were separated 
into putative pyramidal cells or interneurons (Table 3.1, Fig 3.1) based on waveform shape and 
firing characteristics (Csicsvari et al., 1998). 
Theta oscillations precede majority of seizures 
 A total of 25 convulsive seizures were recorded in 6 Long Evans animals.  Behavior of 
the animal was classified in the 2 minutes prior to seizure onset. Fourteen seizures were preceded 
by sleep, while 8 were preceded by awake stationary behavior and 4 were preceded by 
exploratory behavior. For 21/25 (84%) seizures, there was at least one transition from non-theta 
to theta oscillations in the 2 minutes before seizure onset (Fig 3.2). These theta oscillations 
happened in small bursts (duration, mean+std = 4.3+/-1.9s). These observations indicate that CA3 
hippocampus exhibits theta oscillations prior to seizure onset, agreeing with findings in a tetanus 
toxin model of epilepsy where 81% of seizures were preceded by theta-associated behaviors.  
  
 
 
 
 
 
 
 
 
 
 
 
Table 3.1.  Number of single units classified in each group
Figure 3.1. Histology and neuron classification. 
stained with cresyl violet showing tetrode tracks and 
the tetrode bundle in CA3. B, ISI histograms and waveform shapes of example interneurons and pyramidal cells. 
C, Projections of classifying parameters to separate interneurons (black circles) and pyramidal cells (red 
triangles) within each group.  
A 
C 
  
 
A, Coronal section of hippocampus from an epileptic animal 
an electrolytic lesion made to confirm the final location of 
B 
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A 
Figure 3.2. Theta  oscillations precede majority of seizures. 
seizures followed by each behavior. Color bars indicate the number of seizures with at least one non
theta to theta transition in the 2 minutes preceding rhythmic ictal spiking onset of seizures. 
normalized theta  power during the transition to seizures average
(mean ± sem). Red line indicates
Fractional theta band power spectrum. 
10Hz) for the three groups. D, bottom row, median theta frequency in the three groups. 
C 
B 
A, grey bars indicate total number of  
d over all seizures for one animal 
 the mean normalized power in the preictal (2 hour) periods.
D, top row, average power in the theta frequency band (4
 
D 
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CA3 theta oscillations in epileptic animals are not pathological 
 To determine if theta oscillations in CA3 hippocampus were different from theta 
oscillations in healthy animals, comparisons of LFP frequency, power and coefficient of variation 
of theta frequency were made between groups of theta rhythms: normal, interictal and pre-ictal. 
While there was an overall significant effect of group on the theta dominant frequency, post hoc 
comparison between normal and interictal theta oscillations showed no difference in frequency 
(median 6.99 compared to 6.84, p<0.01) nor any differences between interictal and pre-ictal 
(median 6.84 compared to 6.62, p>0.01) suggesting a trend towards decreasing frequency for pre-
ictal periods compared to normal animals. To assess changes in amplitude of theta-associated 
transmembrane currents, fractional power in the theta frequency (4-10Hz) band was compared 
across groups. There were no significant differences across groups for fractional theta band power 
(p> 0.01). Since the spectral peak in the theta band seemed narrower in epileptic animals, we 
tested theta rhythmicity by comparing coefficient of variation of theta dominant frequency across 
groups and no significant effect was found (p>0.05). Thus, CA3 LFP theta oscillations were not 
different in epileptic animals. This stands in contrast to differences in theta oscillations observed 
in the CA1 hippocampus (Inostroza et al. 2013; Marcelin et al. 2009b) and since, CA3 neurons 
project to CA1, it is possible that differences in neuronal firing patterns during theta in CA3 could 
be at least partially responsible for changes in CA1 theta oscillations.  
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Firing rate of both interneurons and pyramidal cells is decreased in epileptic animals  
 To evaluate changes in overall neuronal firing, average firing rates of hippocampal 
neurons were compared across groups within each population. The average firing rates of both 
interneurons (H(2) = 20.62, p <0.0001) and pyramidal cells (H(2) = 26.44, p <0.001)  were 
significantly different across groups (Fig 3.3). For both populations, firing rates during interictal 
periods (medians: Interneurons – 3.48; Pyramidal cells – 0.26) were less than firing rates in 
normal animals (medians: 9.48, 0.49; U = 1015, 3024). There were no significant differences 
between interictal and preictal periods. To eliminate influences due to theta oscillations, similar 
comparisons were made for non-theta periods and decrease in firing rate in epileptic animals was 
found to be consistent regardless of the theta oscillation. 
 
No change in proportion of interneuronal subtypes in epilepsy 
 To identify any selective alterations in the number of theta dependent neurons, we 
obtained the average proportion of theta-on, theta-off and theta-unrelated neurons across all 
Figure 3.3. Average firing rates of interneurons (left) and pyramidal cells (right). For both 
populations, firing rates of neurons in the interictal periods (epileptic animals) were decreased 
compared to normal animals. 
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animals within each population (Fig 3.5). There was no significant change (p> 0.05) in the 
proportion of theta modulated interneurons or pyramidal cells. However there was a trend to 
decrease in theta-on and increase in theta-off pyramidal cells in epilepsy. This suggests that the 
heterogeneity of firing during theta oscillations was maintained in epilepsy. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Theta 
ON 
Theta 
OFF 
Theta 
unrelated 
Figure 3.4. Illustration of different types of theta-dependent neurons classified in this 
study. 
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Firing rate during theta periods is decreased in epileptic animals and this decrease is more 
network dependent than state dependent 
 To determine if the decrease in average firing rate in epileptic animals was consistent 
during theta periods, average firing rate of each neuron was estimated only during theta 
oscillations. Population firing rates were compared using a two factorial ANOVA with group 
(normal, interictal and preictal) and neuronal subtype (theta-on, theta-off, theta unrelated) as 
independent factors for interneurons and pyramidal cells separately. For interneurons (Fig 3.6A), 
there was an overall main effect of group (F(2) = 8.663, p<0.0001) and neuronal subtypes (F(2) = 
23.097, p<0.0001) but there was no significant interaction effect (F(4) = 1.965, p = 0.101). The 
group effect was significant for theta-off (F(2) = 6.83, p = 0.0329) and theta-unrelated (F(2) = 
12.14, p = 0.0014 ) subtypes and both demonstrated decreased firing rates during interictal theta 
periods compared to theta periods in healthy animals (p < 0.007, bonferroni corrected for 7 
Figure 3.5. Proportion of theta modulated neurons for A, interneurons, and B, 
pyramidal cell population. 
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comparisons).  For theta-on subtype (F(2) = 1.53, p = 0.4659), there was no significant effect. For 
all subtypes, there was no significant difference in interneuron firing rate during interictal theta 
periods compared to preictal.  
For pyramidal cells (Fig 3.6B), there was an overall main effect of group (F(2) = 21.608, p = 
0.0001) and neuronal subtype (F(2) = 14.302, p = 0.0001) with no significant interaction effect 
(F(2) = 2.126, p = 0.121). Post hoc comparisons revealed similar effects as those identified for 
interneurons. Firing rates of both theta-off and theta-unrelated subtypes was decreased during 
interictal theta periods compared to theta periods in healthy controls (p<0.001) with no 
differences in firing rates between interictal and preictal theta periods. 
Overall, these data demonstrate that, neuronal firing rates of all cells, except theta-on 
interneurons,  were decreased during theta oscillations in epileptic animals compared to that of 
healthy animals, suggesting that, cells inhibited or unaffected by theta in healthy animals, are 
further inhibited in epilepsy.  
 To isolate the influence of the theta associated state or inputs on neuronal firing; we 
estimated the average firing rate of each neuron only during non-theta periods and compared the 
population firing rates in a similar manner. Most of the neurons that had decreased firing during 
theta in epileptic animals, except theta-off pyramidal cells, also showed decreased firing during 
non-theta periods (p<0.007). However, there were no significant differences in non-theta firing 
rates for theta-off pyramidal cells suggesting that they are silenced specifically during theta 
oscillations in epilepsy. Thus, subtype-specific decreases in firing rates during theta in epilepsy 
were generally consistent during non-theta periods suggesting that these decreases are likely 
related to changes in network than changes in state (theta or non-theta).  
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Figure 3.6. Firing rate during theta periods for different subtypes of A, interneurons and B, pyramidal cells.  
 
 
 
Interneurons have more theta SFC in epileptic animals 
 To assess the phase locking of neuronal activity during theta oscillations, the coherence 
between on-going theta oscillations (field) and the spike times were estimated for each neuron. 
Population SFC values were compared using a 2 way ANOVA with group and neuronal subtype 
as independent factors. For interneurons (Fig 3.7A), there was an overall significant main effect 
of group (F(2) = 7.030, p = 0.001) and significant main effect of neuronal subtype (F(2) = 6.661, 
p = 0.002) and no significant interaction effect (F(4) = 0.881, p = 0.477). Post hoc comparisons 
revealed that only for theta-off (F(2) = 8.49, p = 0.0012)  and theta-unrelated (F(2) = 12.19, p = 
0.0023) subtypes, there was a significant effect of group and both demonstrated an increase in 
Theta-off 
* 
Theta-unrelated 
* 
B. Pyramidal cells 
 
Theta-on Theta-off 
* 
 
Theta-unrelated 
* 
A. Interneurons 
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SFC during interictal theta compared to theta in healthy animals (p<0.007). For theta- on subtype, 
there was no significant effect of group (F(2) = 2.84, p = 0.2412. There were no significant 
differences in interneuron SFC between interictal and preictal theta oscillations for all subtypes. 
For pyramidal cells (Fig 3.7B), there was no main effect of group (F(2) = 2.139, p = 0.119) nor 
interaction effect (F(4) = 0.562, p = 0.690) but a significant main effect of neuronal subtype (F(2) 
= 3. 716, p = 0.025). Since there was no significant main effect of group, post hoc comparisons 
were not made.  
These results suggest that the same interneuron subtypes whose firing rate is decreased in 
epileptic animals also have increased theta coherence. Spike field coherence of all neurons, 
except theta-on subtype, is larger during theta oscillations in epileptic animals compared to those 
in normal animals. The enhanced coherence in epileptic animals is maintained in the preictal 
periods.  This increased coherence could be a mechanism to offset the lower firing rates of 
interneurons.  
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Figure 3.7. Spike field coherence in theta band for subtypes of A, interneurons and B, pyramidal cells. 
  
 
 
 
Single neuron firing seconds during transition to rhythmic ictal spiking of seizures 
A previous study (Grasse et al. 2013b) showed that around 40% of interneurons (activated) 
increase their firing rates at the onset of rhythmic ictal spiking while some neurons did not 
increase their firing rates (non-activated). To determine if this heterogeneity in firing rate (Fig 
3.8) was related to theta-related subtype, firing rates of individual interneurons starting 2 minutes 
prior to rhythmic ictal spiking were analyzed.  For each neuron, mean firing rate in the activation 
window (-6 to 4s), mean firing rate in the pre-activation window (-120 to -7s) and the difference 
in these mean firing rates were estimated (Fig 3.9). Differences in firing rates were compared 
across neuronal subtypes using one way non-parametric ANOVA with neuronal subtype as an 
independent factor (Fig 3.9 C). There was a significant effect of neuronal subtype on the change 
* 
* 
Theta-ON Theta-unrelated Theta-off 
A. Interneurons 
Theta-off Theta-unrelated 
B. Pyramidal cells 
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in firing rates (F(2) = 4.866, p = 0.011) and post hoc t-tests revealed that increases in firing rates 
were higher for theta-on interneurons compared to theta-unrelated neurons (p = 0.01)  or theta-off 
interneurons (p = 0.008). Since pyramidal cells did not show firing rate increases until 8s after 
onset of rhythmic ictal spiking, this analysis was not done for pyramidal cells.  
 
 
 
 
 
3.4 Discussion 
 EEG and unit activity at theta frequency were observed in the hippocampus and medial 
septum (Butuzova and Kitchigina 2008; Kitchigina and Butuzova 2009; Kitchigina et al. 2013) 
prior to chemically induced seizures and theta associated behaviors preceded 81% of seizures in 
tetanus toxin model of epilepsy (Sedigh-Sarvestani et al. 2014). In agreement with these 
observations, we found that CA3 hippocampus has a tendency to exhibit bursts of theta periods 
immediately prior to a majority (84%) of seizures. 
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Figure 3.8. Firing rates of example activated (neurons that increased their firing rates) and non-activated (right) 
in the 2 minutes around rhythmic ictal spiking onset. 
 Figure 3.9. Firing rate in the seconds 
interneurons during activation (
dependent firing. Top right, difference in firing rates between the 2 windows for all inte
row, average differences for each subtype.
 
Thus, theta oscillations can be a potential forerunner to recruitment of a network 
seizure. We studied the long term and preictal effects on CA3 neuronal activity during theta 
oscillations in pilocarpine-treated rats with chronic spontaneous seizures.
 To discriminate the effects of long
circuits of epileptic animals, we compared interictal periods to random equivalent duration 
periods from normal animals. Interictal periods were chosen far away from a seizure (>12 hours) 
and represent the majority of time in our epileptic animals. To identify changes preceding 
seizures, we made comparisons between preictal and interictal periods with
Influences of movement speed on neuronal firing were removed by only including times when the 
animals remained motionless 
before rhythmic ictal spiking onset. Top left, firing rates of 
-6 to 4s) vs firing rate during previous 2minutes color coded by theta
 
 
-term alterations in input and local hippocampal 
in epileptic animals. 
-either asleep or passively awake. Since theta oscillations are not 
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prevalent during passive awake state, identified theta periods are probably associated with REM 
sleep. 
 Hardware limitations prevented successful simultaneous recordings from other regions 
such as medial septum or entorhinal cortex. To study the interaction of neurons in a local network 
during interictal periods and during the transition to seizures, we recorded from CA3 
hippocampus. CA3 region is normally characterized by recurrent excitatory connections (Amaral 
and Witter, 1989, Macvicar, B., Dudek, F., 1980) and is capable of generating interictal spikes in 
epileptic animals (Barbarosie & Avoli 1997). Seizure onset was defined as the start of sustained 
high amplitude rhythmic LFP activity since it was the most consistent feature across all seizures.  
 Many studies have shown that theta related neurons can be identified in the hippocampus 
(Bland and Colom, 1988, 1989; Bland et al., 1996; Colom and Bland, 1987; Colom et al., 1987, 
1991; Konopacki et al., 1992; Smythe et al., 1991); (Klausberger et al. 2003)(Somogyi et al. 
2014), the medial septum diagonal band of Broca (Ford et al., 1989; Colom and Bland, 1991; 
Bland et al., 1990, 1994), and entorhinal cortex (Dickson et al., 1994, 1995) of anesthetized 
healthy animals. Recent studies have identified theta related neurons in the CA1 hippocampus of 
awake behaving animals (Czurkó et al. 2011). Similarly, we classified our neurons based on theta 
dependent firing rates in both normal and pilocarpine-treated animals. Survival of theta related 
neurons in pilocarpine-treated animals has not been clearly studied. However, 
immunohistochemical studies have shown a complex and selective preservation of interneurons 
in this model (Cavalheiro et al. 1991; Cossart et al. 2001b; Garrido Sanabria et al. 2006).  
CA3 theta oscillations are not altered in pilocarpine model of epilepsy 
 Theta dominant frequency and LFP power in the CA3 hippocampus were not different in 
epileptic animals. These results are in contrast to observations of awake theta oscillations in CA1 
hippocampus of epileptic animals (Inostroza et al. 2013; Marcelin et al. 2009b). These differences 
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could be due to differential activation of septo-hippocampal networks during REM sleep as 
opposed to movement associated theta oscillations or due to differences in the sub-regions of 
hippocampus. In fact, dominant theta frequency and LFP power were decreased along CA1-DG 
hippocampus of kainate-treated animals (Inostroza et al. 2013) but the differences diminished 
beyond the dentate molecular layer. Thus, our data indicate that CA3 theta oscillations in 
pilocarpine-treated rats are not different from those in normal animals.  
 
Neuronal activity during theta oscillations is altered in epileptic animals 
 Distribution of theta modulated subtypes of interneurons was not altered while the 
proportion of theta-on pyramidal cells showed a trend to be decreased in epileptic animals. Even 
in normal animals, many pyramidal cells are silent during theta oscillations (Harris 2001). In 
pilocarpine-treated animals, more pyramidal cells seem to be silenced during theta oscillations.  
Firing rates of interneurons were selectively affected in epileptic animals. Regardless of the 
dominant oscillation, firing rates of theta-off and theta-unrelated neurons were decreased in 
epileptic animals while firing rates of theta-on neurons were not decreased. These results suggest 
that the different subtypes may correspond to anatomically different interneurons and they are 
differentially affected in epilepsy. Since there were no differences in firing rates between 
interictal and 2 hour preictal periods, these alterations are probably mediated by specific long-
term changes in the local or input connections. In agreement, selective modulation of inhibition in 
CA3 and the upstream medial septum have been reported in epileptic rats (Cossart et al. 2001b; 
Garrido Sanabria et al. 2006).  
 Hippocampal interneurons are generally coherent to theta oscillations. Our data shows 
that the same interneurons that have decreased firing rates also have increased coherence during 
theta oscillations in epileptic animals. It is possible that interneurons compensate for decreased 
neuronal firing by increasing their coherence.  This increased coherence could be partly due to 
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hypersynchrony in superficial layers of upstream entorhinal cortex (Buckmaster et al, 2006, 
Kumar et al, 2007, Bear et al., 1996; Scharfman et al., 1998; Tolner et al., 2005, Kobayashi et al., 
2003) or due to enhanced theta coherence between medial septum and hippocampus (Avoli and 
de Curtis, 2011; Good et al., 2009; Holtkamp et al., 2011; Towle et al., 1998).  
 For pyramidal cells, majority of neurons – theta-unrelated subtype, have decreased firing 
rates in epileptic animals regardless of the dominant oscillation.  Only theta-off pyramidal cells 
had theta-specific decreased firing rate in epileptic animals.  In contrast to interneurons, 
pyramidal cells do not have increased theta coherence in epileptic animals. These results coupled 
with the finding of more theta-off pyramidal cells indicate that pyramidal cell excitability is 
decreased in epileptic animals. This decreased excitability could also be due to synchronous 
IPSPs produced by enhanced coherence of local interneurons or due to loss of recurrent 
connections observed in this model (Cavalheiro et al. 1991).  
 In summary, most pyramidal cells and interneurons have decreased neuronal excitability 
in epileptic animals. In support of these findings, amplitude of population bursts in in-vitro CA3 
slices from epileptic animals were shown to have much lower amplitude than population spikes 
recorded from normal slices (Scharfman et al, 2000). Others have shown that lateral septal 
neurons, the main target of hippocampal glutamatergic neurons (Alonso and Frotscher 1989), 
have lower firing in epileptic animals compared to healthy controls during theta oscillations 
(García-Hernández et al, 2010).  PET imaging studies in human epileptic patients also show 
hypometabolism in the epileptogenic regions during interictal periods (Engel et al, 1990, Henry et 
al, 1990, Trucculo et at, 2011).   
 
Changes in interneuron firing during the transition to rhythmic ictal spiking 
 The heterogeneity of hippocampal interneurons is widely studied using in vivo recordings 
and/or  juxtacellular labeling of neurons in anesthetized animals (Allen and Monyer 2015b; 
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Freund and Buzsáki 1996; Klausberger and Somogyi 2008; Klausberger et al. 2003, 2004) or in-
vitro studies. Selective interneurons increase neuronal spiking at the onset of in-vitro seizure-like-
events and in vivo seizures (Gnatkovsky et al. 2008b; Grasse et al. 2013b; Timofeev et al. 2002; 
Ziburkus et al. 2006) lab. However the identity of these activated interneurons is still unknown. 
Previous study from our lab (Grasse et al. 2013b) showed that theta LFP oscillations are 
predominant in the 2 minutes prior to onset of rhythmic ictal spiking and around 40% of 
interneurons have increased firing rates at the onset. This increase was observed -6 to 4s around 
the onset of rhythmic ictal spiking (activation window). Other interneurons show decreased or no 
change in firing in this activation window. In general, pyramidal cells have decreased excitability 
during theta oscillations in epileptic animals compared to normal animals. Thus in the 2 minutes 
prior to rhythmic ictal spiking when theta bursts were observed for a majority (84%) of seizures, 
pyramidal cells are likely to have decreased firing rates. In the following activation window, 
theta-on interneurons show drastically increased firing while theta unrelated and theta-off 
interneurons show no change or decreased firing. Thus the same interneurons that are functionally 
preserved in epileptic animals are selectively activated at the onset of rhythmic ictal spiking.  
Therefore, the widely observed heterogeneity of neuronal firing during the transition to seizure 
onset (Babb et al. 1987; Bower and Buckmaster 2008; Truccolo et al. 2011) may be explained by 
theta dependent firing behavior of neurons. Since hippocampal interneurons are the exclusive 
targets of medial septum GABAergic projections (Tóth, Freund, and Miles 1997),  the changes 
we observed could also be due to upstream effects.  
Of all the interneurons, theta-on interneurons had the highest average firing rates in our study. 
Perhaps, these interneurons overlap with PV expressing fast spiking interneurons shown to 
abnormally increase firing due to membrane depolarization allowing focal ictal discharges to 
propagate in cortical slices (Cammarota et al. 2013) or SOM positive interneurons causing 
GABAergic depolarization at the onset of SLEs (Lillis et al. 2012). Further studies utilizing 
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juxtaposed labeling and in vivo recording or selective activation using optogenetic techniques 
during spontaneous seizures are required to identify this class of interneurons. Interestingly, 
optogenetic activation of PV containing interneurons in CA1 hipocampus of animal model of 
TLE reduced the seizure duration in 43% of seizures and aborted 59% of seizures within 5 
seconds of light delivery.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
66 
 
Chapter 4: General Discussion 
 
 
 
 Within a single episode of SE, seizures become less refractory to drugs due to yet 
unknown reasons. Although the clinical and anatomical changes during SE have been explored, 
the in vivo neuronal dynamics underlying the progression of SE has not been investigated yet. To 
understand these neuronal dynamics, we analyzed the single neuron activity and LFP oscillations 
during the entire course of SE. Supporting clinical findings and previous studies that showed 
progressive changes in EEG  during SE ( Jones et al., 2002; Wang et al., 2009), CA3 LFP 
oscillations also evolved with distinct inter-seizure and seizure patterns. Thus this model of status 
epilepticus reproduces a prominent characteristic of clinically observed SE (Walton and Treiman, 
1988; Treiman et al., 1990). During early seizures, neurons had high firing rates and increased 
coherence to the dominant gamma oscillations. As SE progressed, the dominant LFP oscillations 
decreased to lower frequencies (beta or delta) and neurons exhibited pre-injection coherence 
levels. Moreover, between early and late seizures, neuronal firing decreased and pairwise 
correlation strengths increased. Thus, although the local synchrony increased, neurons did not 
display increased coherence to LFP oscillations as SE progressed. These results suggest that 
during early SE, inhibition was still effective since interneurons were coherent to the dominant 
gamma oscillations. In fact, blockade of GABAA receptors resulted in a complete suppression of 
kainite-induced gamma activity (Khazipov and Holmes 2003). 
 During late SE, gamma oscillations were not dominant and interneurons did not show 
enhanced coherence to dominant oscillations in the beta band suggesting that there may be a 
decrease of functional inhibition. In consensus, a  reduction of GABAA receptors was observed 1 
hour into SE (Naylor et al. 2005)
 
. Beta rhythms are attributed to long range synchrony while 
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gamma rhythms cannot accomodate long conduction delays (Kopell et al., 2000). Hence 
dominance of beta rhythms during late SE when seizures become evidently convulsive may imply 
recruitment of other cortical regions. Thus during early SE, as we hypothesized, neuronal 
excitability and synchronous inhibition increased from pre-injection periods. As SE evolved, both 
neuronal excitability and synchronous inhibition decreased along with changes in LFP and 
behavior during seizures. These observations highlight the importance of monitoring EEG, 
reflecting changes in single neuron activity, combined with behavioral assessments to improve 
treatment efficiency. 
 Although this study gives important insights into CA3 neuronal dynamics during SE, 
these results need to be complemented with studies in other regions of the brain or different 
techniques. While this model reproduces the clinical manifestations of SE, confounding effects of 
the drug need to be addressed. Ideally, an animal model of spontaneous SE may closely mimic 
human SE, but such a consistent model is not feasible because of the variability in response 
among animals. In any model, recording neuronal activity continuously starting from the time of 
status epilepticus until chronic phase could yield important information about epileptogenesis. 
However this would require a lot of animals and time because of the high mortality rate (25-30%) 
of SE, variable time between SE and the chronic phase, and the small proportion of animals (~ 
25%) that became chronically epileptic.  
  Although epileptic seizures are generally considered to be abnormally synchronous 
neuronal activity, the in vivo long-term changes and transient changes in single neuron activity 
during the transition to spontaneous seizure has not been well studied.  Recent studies have 
identified theta oscillations and synchronous inhibition during the transition to seizures (Butuzova 
and Kitchigina 2008; Grasse et al. 2013b; Sedigh-Sarvestani et al. 2014). In order to examine the 
neuronal dynamics underlying theta oscillations in the chronic phase of epilepsy, CA3 
hippocampal neurons were recorded from rats exhibiting chronic spontaneous seizures.  Firing 
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rate and spike field coherence measures were applied to the neuronal signals obtained during 
interictal, preictal periods and equivalent duration periods from normal animals. Our data shows 
that during a majority of time, CA3 theta oscillations are not altered and the overall neuronal 
excitability is decreased in epileptic animals compared to normal animals regardless of the 
dominant oscillation. This decreased excitability could be a compensatory mechanism mediated 
by anatomical changes to prevent seizures. Among interneurons, neurons that generally show 
unchanged or decreased firing during theta oscillations (theta-off or theta-unrelated) have further 
decreased excitability and enhanced synchrony in epileptic animals. The remaining interneurons 
that usually have increased firing during theta (theta-on) seem functionally unaffected in terms of 
firing or theta synchrony in epilepsy. Pyramidal cells have decreased firing, particularly during 
theta oscillations. These changes are probably due to anatomical/network changes and are 
sustained till the minutes before seizures. In such a network, in the 2 minutes before seizure 
onset, theta oscillations are predominant in the LFPs. Thus majority of pyramidal cells are 
effectively silenced and ‘affected’ subset of interneurons (theta-on and theta unrelated) display 
high synchrony to the ongoing theta LFPs. At the rhythmic ictal spiking onset of seizures, theta-
on interneurons have abnormal increases in firing rates prior to the increase in synchronous 
pyramidal cell firing observed during seizure.  This suggests that synchronous pyramidal cell 
activity is initiated at a delay relative to the onset of ictal spiking and is likely recruited by the 
synchronous interneuron activity. These results demonstrate that the heterogeneous neuronal 
firing observed widely at the transition to seizures can be explained by theta-dependent firing, a 
feature that can be identified by in vivo recordings without the need for anatomical identification. 
By advancing our knowledge of seizure propagation, this information can be used to improve 
targeted intervention strategies. 
While this study shows selective interneuron activation prior to seizures, coincidence of 
interneuron firing at the onset of seizures does not ensure causality and to establish causality, 
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these neurons have to be selectively activated to uncover their effects on seizure propagation. To 
achieve that, the neurochemical identity of these neurons should be revealed and these neurons 
should be selectively inactivated. Also, the exact origin of seizures is not clear in this model. This 
could be addressed by a focal model of epilepsy involving intrahippocampal injections or 
stimulation. It would also be critical to record in a seizure generating and a propagating zone to 
understand the different neuronal mechanisms.  
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